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ANNOTATION 


This co l lec t ion  of a r t i c l e s  includes works which are 
concerned with the  experimental and theo re t i ca l  inves t i 
gation of the  b io logica l  shielding of nuclear reac tors  a s  
w e l l  as works on t h e  methodology and instruments f o r  study
ing the  shielding.  

The works consider d i f f e ren t  ana ly t i ca l  methods which 
make it possible  t o  determine the  three-dimensional energy 
and angular d i s t r ibu t ion  of radiat ions i n  the shielding, 
the results of many experiments with rad ia t ions  penetrat
ing through homogeneous and multilayer shieldings through 
shieldings with heterogeneities and o thers .  

Some of the  works describe various devices t o  deter
mine the f luxes and the  spec t ra l  r ad ia t ion 'd i s t r ibu t ion  
beyond the  shielding and inside the  shielding.  These 
works a l so  consider the method of analyzing the  character
i s t i c s  of devices and the  process of measurement r e su l t s .  

This co l lec t ion  w i l l  be useful  t o  a wide c i r c l e  of 
readers concerned with the  analysis  and design of bio
log ica l  shielding of reac tors  and t o  s p e c i a l i s t s  in te res ted  
i n  the  transmission of  rad ia t ions  through a substance, as 
well  as t o  those working i n  the  f i e l d  of  experimental 
nuclear physics. 
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PREFACE 

The col lect ion of a r t i c l e s  presented t o  the  a t ten t ion  of the reader covere 
the works of Soviet authors dedicated t o  the theo re t i ca l  and experimental in
vest igat ion and analysis  of reactor  shielding against  penetrating radiat ion.  

Prac t ica l  requirements a r i s ing  i n  connection with the intense appl icat ion 
of atomic energy i n  various branches of engineering make it necessary f o r  us 
t o  study an ever-increasing group of problems on the penetration of radiat ion 
in to  matter and the  development of more accurate methods of analysis.  This 
i s  par t icu lar ly  important i n  the construction of nuclear i n s t a l l a t ions  of 
s m a l l  dimensions. For t h i s  purpose it i s  insuf f ic ien t  t o  study only the basic 
charac te r i s t ics  of protected materials--relaxation length, absorption coeff i 
c ients ,  removal cross section, buildup fac tors  f o r  an i n f i n i t e  medium. It 
becomes absolutely necessary t o  have more de ta i led  information on the energy, 
angular and three-dimensional d i s t r ibu t ion  of radiat ions i n  i n f i n i t e  and i n  
bounded media. Necessary da ta  of t h i s  type can be obtained only by using 
new experimental devices and new methods of analysis..  The works included 
i n  t h i s  volume are bas ica l ly  concerned with the invest igat ion of such detai led 
charac te r i s t ics  of shielding and the  descr ipt ion of experimental methods. 

The e n t i r e  material  i n  t h i s  volume i s  divided in to  three pa r t s :  theory 
and method of analysis;  experimental invest igat ions and the  descriptions of 
new experimental methods. The las t  divis ion a l so  includes a r t i c l e s  which 
present results on the invest igat ion of the propert ies  of concretes. 

This arrangement of the material i s  a rb i t r a ry  t o  some extent,  because 
some of the a r t i c l e s  i n  the first divis ion a l so  contain descriptions of ex
periments used t o  obtain ce r t a in  constants necessary fo r  analysis,  as w e l l  
as da ta  on the limits of application of the design methods and t h e i r  accu
racy. On the other hand, the experimental a r t i c l e s  of the  second dirvision 
have been cal led upon t o  re f ine  the methods of analysis .  

The col lected works start  with the a r t i c l e  by A. A. Abagyan, V. V. Orlov 
and G. I. Rodionov, which proposes a method of analysis  based on the  u t i l i z a 
t i o n  of conjugate equations and functions and the theory of perturbations i n  
shielding theory. The effect iveness  functions of various materials i n  
shielding, whose method of calculat ion i s  presented i n  t h i s  work, may be 
u t i l i z e d  f o r  select ing the optimum shielding compositions. The same problem 
o f  applying conjugate equations t o  the  analysis of shielding from radiat ion 
is  considered i n  the a r t i c l e  by G. I. Marchuk and Zh. N. Bel'skaya. 

The work of Sh. S. Nikolayshvili,  which i s  concerned with the analysis 
of t he  three-dimensional energy d is t r ibu t ions  from sources of monoenergetic 
neutrons i n  hydrogen, presents  the basic quant i t ies  necessary t o  solve ce r t a in  
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prac t i ca l  problems. For example, by u t i l i z i n g  the  neutron d is t r ibu t ions  i n  
hydrogen, as computed i n  t h i s  work, and the lmown values of the  "removal cross  
sect ion" of various elements, w e  can car ry  out t he  analysis  of three-dimensional 
d i s t r ibu t ions  of neutrons i n  homogeneous and m u l t i l a y e r  hydrogen contained i n  
shields .  

Although the analysis  of neutron d i s t r ibu t ion  i n  hydrogen contained i n  
shieldings has been covered i n  many earlier works, the methods of deslgning 
shieldings which do not contain hydrogen have been developed t o  a lesser degree. 
The ana ly t ica l  methods and methods f o r  determining the  values of constants ap
l i e d  i n  the analysis  of such shieldings are considered i n  the  works of D. L. 
Broder, A.  A Kutuzov, V. V. Levin and V. V. Frolov, i n  the  works of B. I. 
Sini tsyn and S .  G.  Tsypin and i n  the  work of B. R .  Bergel'son. The problem of 
analyzing shieldings which do not contain hydrogen or which contain it i n  
s m a l l  quant i t ies ,  which has been considered earlier i n  the Soviet  periodic 
literature, has aroused a grea t  deal of i n t e re s t ,  pa r t i cu la r ly  i n  the  case of 
producing shieldings f o r  high temperature in s t a l l a t ions  where hydrogen-
containing materials are frequently inapplicable.  

The multiple group methods of analyzing three-dimensional energy d i s t r i 
bution of neutrons have found wide appl icat ion i n  the design of reactors .  
Recently several multiple group methods have been proposed for the  analysis  of 
shieldings which, i n  a ce r t a in  sense, a re  analogous t o  those used i n  the de
sign of reactors .  Two such methods are described i n  the  art icle by D. L.  
Broder, A. P .  Kondrashov, A. A. Kutuzov, V. A.  Naumov and others .  I n  these 
methods the neutron f l u x  i s  broken down in to  seven and t en  energy groups. 

The recently applied method of invest igat ing the shielding propert ies  
of materials u t i l i z i n g  unidirect ional  beams of rad ia t ion  are r a the r  promis
ing. By using t h i s  method it i s  possible t o  compute or measure the  d i s t r i 
bution of rad ia t ion  fluxes,  and t o  f ind  the  influence functions f o r  sources 
of various form and various angular d i s t r ibu t ion .  This problem i s  t r ea t ed  i n  
the  theore t ica l  work of A .  P. Suvorov, Y e .  B.  Breshenkova; the  theore t ica l  
work of V. V. Orlov and the  experimental work of V. P .  Mashkovich, V. K .  
Sakharov and S. G. Tsypin. 

Similar problems were a l so  invest igated i n  t h e  work of V. I. Kukhtevich 
and L. A.  Trykov. The problem associated with the transmission of y-rays 
during t h e i r  incl ined incidence on the shielding ba r r i e r  a l so  arouses great 
i n t e r e s t  i n  the analysis  of shieldings with complex geometry. 

The analysis of t he  e f f e c t  associated with the  geometric form of sources 
on the magnitude of the dose or of the radiat ion f l u x  behind the shielding and 
i ts  angulaz d is t r ibu t ion ,  car r ied  out i n  the  a r t i c l e  by D.  L .  Broder, Y e .  N. 
Goryanina and others,  serves as a substant ia l  a id  i n  the  understanding of in
accuracies which occur i n  the  various approximate methods of analysis .  

The special  features  associated with the  transmission of radiat ion through 
nonhomogeneous media are investigated i n  t h e  theo re t i ca l  works of N. I. 
Laletin and G. Y a .  Rumyantsev. Equations are obtained which make it possible 
t o  evaluate the  e f f e c t  of medium nonhomogeneity on i t s  at tenuat ion propert ies .  
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The per t inent  calculat ions and measurements of the angular d i s t r ibu t ions  
of neutrons and y-radiations i n  shieldings are  presented i n  the  works of A. V. 
Larichev, L .  R. Kimel', V.  A.  Kon'shin. The work of V. A. Kon'shin gives par
t i c u l a r  a t t en t ion  t o  the analysis  of three-dimensional and angular d i s t r ibu
t ions  a t  short  distances from the  source. Information on the  angular distri
butions of radiat ion fluxes i n  shielding and beyond the  shielding ba r r i e r  i s  
necessary not only t o  understand the  mechanism of radiat ion retardat ion by the  
shielding, but f o r  the design of various shadow shieldings.  

In  the  p rac t i ca l  solut ion of problems associated with the transmission of 
neutrons i n  a substance various approximations of the k ine t i c  equation are 
usually u t i l i z e d  ( the  P2-approximation of t he  method of spherical  harmonics, 
age approximations and higher approximations, e t c  .) . 

The work of V. M. Veselov presents the  spa t i a l ,  angular and energy d is 
t r ibu t ions  of neutrons i n  an i n f i n i t e  medium, using various approximations, 
which m a k e s  it possible t o  evaluate t h e i r  app l i cab i l i t y  t o  spec i f ic  problems. 

The basic shielding i n  s ta t ionary  atomic in s t a l l a t ions  u t i l i z e s  concretes 
o f  various grades, so t h a t  the  i n t e r e s t  i n  the invest igat ion of t h e i r  proper
t i e s  has not decreased t o  the  present day. The present volume a lso  devotes 
a t t en t ion  t o  the  invest igat ion of the shielding and Tnechanical properties of 
concrete. This problem i s  t rea ted  i n  the  work of V. N. Avayev, G.  A. Vasil 'yev 
and others .  The two works by I. A. Arshinov are a l so  concerned with t h i s  
problem. 

A detai led invest igat ion of the spectra  of neutrons and y-quanta i n  the 
shielding makes it possible t o  extend our knowledge on the  mechanism of retarda
t i o n  of these radiat ions subs tan t ia l ly  and t o  evaluate with a higher degree of  
r e l i a b i l i t y ,  than i n  the  case of t o t a l  measurements, the degree of accuracy 
and the  l i m i t s  of appl icat ion of ce r t a in  approximate methods of computation. 
Some works of Y u .  A .  Yegorov and V .  N. Avayev and others,  and the work of A. T .  
Bakov, S .  P .  Velov, Yu .  A.  Kazanskiy and others  present r e su l t s  on the measure
ments of spectra  of f a s t  neutrons and y-quanta. The l a s t  work i s  a l so  in t e r 
e s t ing  from the point of view of nuclear-physical concepts concerning the re
act ions associated with the radiat ion capture of neutrons. 

A s  a result of experiments conducted by D. L .  Broder, Yu. P. Kayurin and 
A .  A.  Kutuzov and described i n  the  present volume, an empirical re la t ionship 
i s  obtained f o r  computing multiple l aye r  shielding f o r  y-radiation, which de
scr ibes  the  experimental results much b e t t e r  than the methods recommended 
earlier.  

The calculat ion of t he  radiat ion e f f ec t s  of emanations on various s t ruc
tures of an i n s t a l l a t i o n  has become one of the  foremost problems because of 
the  appl icat ion of high-energy reac tors .  The methods of analyzing the  thermal 
shielding of a reactor  and t he  calculat ion of radiat ion heat  releases i n  the  
reactor  screens and vessel, as w e l l  as the experimental ver i f ica t ion  of  these 
calculations,  are presented i n  the works of D. L .  Broder, A .  P. Kondrashov, 
V.  A.  Naumov and others .  
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The select ion and formulation of systems of i n i t i a l  constants are of grea t  
significance f o r  the  correct  analysis  of shielding. This Includes the  in te r 
ac t ion  cross sect ions of neutrons with the  nucleus as w e l l  as the  establishment 
of spectra  f o r  the  y-quanta and neutrons and the  decay periods f o r  the products 
of  various nuclear reactions,  etc. Therefore the  compilers,of t h i s  volume have 
deemed it useful t o  include the  a r t i c l e  by D. L. Broder, A. I. Lashuk and others ,  
the  a r t i c l e  by V. I. Lebedev, P. Ye .  Stepanov and also the  art icle by V. P. 
I l ' i n  and V. K h .  Tokhtarov. 

The l a s t  p a r t  of t h i s  volume i s  concerned with the methods of invest igat
ing the shielding. The pr inc ipa l  d i f f i c u l t y  i n  measuring the rad ia t ion  fluxes 
i n  shieldings i s  due t o  the  presence of mixed f i e l d s  of neutrons and y-rays. 
Therefore, when measuring the  neutron fluxes the  experimenters pay spec ia l  a t 
ten t ion  t o  the  se lec t ion  of a detector  which i s  su f f i c i en t ly  insens i t ive  t o  
y-radiation and, vice versa, when recording the y-quanta an e f f o r t  i s  made t o  
u t i l i z e  counters or dosimeters which are insens i t ive  t o  neutrons. Special  
a t t en t ion  must a l so  be paid t o  the  spec t ra l  s e n s i t i v i t y  of detec%ors. Thus, 
for  example, i n  measuring the  dose f i e lds ,  it i s  desirable  t h a t  the s igna l  
fed from the  detector  t o  the counter be proportional t o  the dose produced by 
a pa r t i c l e  o f  a given type and given energy which generates t h i s  s igna l .  It 
is  qui te  d i f f i c u l t  t o  construct spectrometers for y-radiation and f o r  neutrons 
which operate s a t i s f a c t o r i l y  i n  intense rad ia t ion  f i e l d s  of  another type. 
Detectors f o r  t h i s  type of measurements are considered i n  s o w  of the works 
contained i n  the present volume. 

Thus a survey of ex is t ing  methods of detect ion i n  experiments on shield
ing i s  given i n  the  a r t i c l e s  by V. A.  Dulin, Yu. A. Kazanskiy, Y e .  s. 
Matusevich and V. N .  Avayev, G.  A. Vasil 'yev and others .  

The a r t i c l e s  by Yu. A.  Yegorov, V. N .  Avayev, Yu. V. Orlov, N. N. 
Chentsov, A .  S .  Frolov, Yu. V. Pankrat'yev consider d i f f e ren t  types of neutron 
and y-spectrometers which can be used i n  experiments on the invest igat ion of 
shielding, including measurements made on reactors .  These works a l so  discuss 
the methods of calculat ing the  charac te r i s t ics  of spectrometers and process
ing the r e s u l t s  of measurements. In  the a r t i c l e s  by V. N. Avayev and others  
and of V. P. Mashkovich, methodological data are  presented on the  appl icat ion 
of radioactive indicators  t o  measure neutron fluxes,  i n  pa r t i cu la r  the appl i 
cat ion of the method f o r  the i so l a t ion  of the  charac te r i s t ic  y-line.  

The work of S .  G. Tsypin describes the B-2 i n s t a l l a t ion ,  which i s  used t o  
invest igate  shieldings by means of a r a the r  promising method--with the  aid of 
an unidirect ional  beam of  neutrons, which makes it possible t o  obtain more de
t a i l e d  information. 

This volume may be useful  t o  many readers concerned with the analysis  
and design of biological  shielding of reac tor  i n s t a l l a t ions  and t o  spec ia l i s t s  
in te res ted  i n  the problems associated w i t h  rad ia t ion  t ranspor t  i n  a substance. 

The second and t h i r d  p a r t s  of t he  volume w i l l  undoubtedly be of i n t e r e s t  
t o  experimental physicis ts ,  because some of the methods described there, in 
cluding those using neutron and y-spectrometers, may be applied t o  various in
vest igat ions i n  other  f i e l d s  of experimental nuclear physics. 

The Editors 
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PART I. THE THEORY OF RADIATION PENETRATION AND METHODS OF 

ANALYZING SHIELDING 


THE NEUTRON DANGER FUNCTIONS I N  THE ANALYSIS OF SHIELDING 
FROM RADIATION 

A. A. Abagyan, V. V. Orlov and G. I. Rodionov 

Introduction 

The method of conjugate equations ( r e f s .  1-4) has turned out t o  be .&* 
par t i cu la r ly  usefu l  i n  the analysis  of nuclear reac tors .  The physical meaning 
of a conjugate function as the  important feature  of the  neutron i n  a reac tor  
i s  c l a r i f i e d  most thoroughly i n  reference 1, which a l so  der ives  a conjugate 
equation. 

The theory of conjugate equations w a s  f u r the r  developed during the  period
1957-1958 i n  the  works of B. B. Kadomtsev ( r e f .  5 )  and G. I. Marchuk and V. V. 
Orlov (refs. 6 and 7) .  These works present the  generalization f o r  the  case of 
nonhomogeneous equations and obtain the re la t ionships  of the theory of per
turbat ions for a r b i t r a r y  funct ionals  which depend i n  a l i n e a r  fashion on the  
neutron f lux.  

The present work presents  the problems of the  theory of conjugate equa
t ions ,  as they apply t o  the  inves t iga t ion  and ana lys i s  of shielding from 
radia t ion .  

The basic  problems of analyzing a shielding involve the  calculat ion of 
the following quan t i t i e s  : 

(a)  the  f lux  of neutrons behind the  shielding and the  doses produced by 
them; (b )  the  f l u x  and dose of t he  y-quanta beyond the  shielding; i n  t h i s  case 
both t h e  y-quanta generated i n  the  r eac to r  as w e l l  as the  capture y-quanta 
generated i n  t h e  shielding as a r e s u l t  of neutron absorption are of i n t e r e s t ;  
( C )  i n t e g r a l  neutron f luxes which f a l l  on ce r t a in  elements of reac tor  con
s t ruc t ion  and shielding f o r  the  purpose of estimating the  degree of rad ia t ion  
damage t o  material; ( d )  hea t  l i b e r a t i o n  i n  various elements of reac tor  con
s t ruc t ion  and shielding ( f o r  example, i n  t he  vessel of the reac tor ) ,  occurring 
as a result of y-radiation absorption, and the  moderation and absorption of 
neutrons. 

~~~ 

*Numbers given i n  margin ind ica te  pagination i n  o r ig ina l  foreign text. 



Unlike the universal  conjugate function (value of neutrons) investigated 
during the  analysis  of reac tors  c r i t i c a l i t y ,  we sha l l  require various conjugate 
functions, each of which refers t o  a spec i f ic  quantity of in te res t  t o  us. 

A s  we have already pointed out, the conjugate function i n  a reactor  has 
the sense of neutron value, and therefore  each neutron determines a de f in i t e  
value. Depending on the conditions of inject ion,  t h i s  value, i . e . ,  the con
t r ibu t ion  of a neutron t o  the  chain reaction, i n  power, w i l l  be d i f fe ren t .  

The s i tua t ion  i s  d i f f e ren t  i n  shielding. A neutron which has been injected 
i n t o  the shielding always represents a cer ta in  danger. This danger may be of a 
d i f f e ren t  type. The neutron i s  dangerous i n  i tself  and, depending on the  con
d i t i ons  of in jec t ion ,  may produce a ce r t a in  neutron dose. In  the shielding a 
neutron may be dangerous from the  point of view of generating secondary y
radiat ion,  heat l i be ra t ion  and rad ia t ion  in te rac t ion  with the  materials, e t c .  
Therefore it i s  expedient t o  u t i l i z e  the term "neutron danger" i n  the  shield
ing instead of the designation "conjugate function as the value of the neutron." 

I n  computing the  shielding of nuclear reactors  w e  can dis t inguish t w o  -
stages.  In  the  first stage we invest igate  the.optimum composition of the  
shielding, the bes t  arrangement of various s t ruc tura l '  elements, the  best a l t e r 
nation of shielding layers .  In  the second stage, when the shielding has 
already been selected,  it i s  necessary t o  carry out small changes d ic ta ted  
by constructional changes. Both i n  the f i rs t  stage and i n  the second stage 
the  me-bhod of conjugate functions and of the  theory of perturbations may 
prove t o  be quite useful.  

W e  should l i k e  t o  point out  two of the possible applications of conjugate 
functions and of the  theory of perturbations.  In  the f i rs t  place, i f  we k n o w  
the conjugate function, we can se l ec t  the most r a t iona l  arrangement of various 
materials i n  the shielding: moderators, neutron and y-quanta absorbers; i n  
the second place, it i s  possible fo r  us to obtain the  var ia t ions i n  the quan
t i t i e s  of i n t e r e s t  t o  us (doses, heat l ibera t ion ,  e t c . ) ,  associated with cer
t a i n  changes i n  the  construction and i n  the  cross sect ion of in te rac t ion .  
W e  can a l so  obtain var ia t ions i n  quant i t ies ,  due t o  e f f ec t s  not previously 
considered and without repeating the cumbersome calculations,  by merely u t i l i z 
ing the relat ionships  of the theory of perturbations.  

It is  true t h a t  i n  contrast  t o  calculations of reactor  c r i t i c a l i t y ,  where 
we a re  interested i n  ra ther  small changes of reac t iv i ty ,  i n  the case of shield
ing analysis we are usually in te res ted  i n  large perturbations.  Therefore, 
the u t i l i z a t i o n  of the  theory of perturbations i n  ce r t a in  problems w i l l  give 
us qua l i ta t ive  ra ther  than quant i ta t ive results. However, we know of a whole 
series of problems when the perturbations are addi t ive t o  a substant ia l  degree 
as i l l u s t r a t ed ,  f o r  example, by the u t i l i z a t i o n  of the method of removal cross 
sections.  In  cases of t h i s  type the theory of  perturbations may lead t o  re
sults which are quant i ta t ively correct  even when.the perturbations are  la rge .  

2 


/ 8  



Theory of Conjugate Equations. Equations of 
the  Perturbation Theory 

L e t  us consider a flu of  neutrons which satisfies the equation 

where C(E) is  the  t o t a l  macroscopic cross section of interat ion;  C(nf  + 0, 
E '  + E)  i s  the  d i f f e r e n t i a l  cross sect ion which characterizes the  t r ans fe r  of 
neutrons from the  beam ( O f ,  E ' )  t o  the beam (hz, E )  (here we take in to  account 
the e l a s t i c  and i n e l a s t i c  t r ans i t i ons  as w e l l  as f i s s ion ) ;  g (r, n, E, t)  i s  
the  d is t r ibu t ion  of neutron sources. The medium i n  which w e  seek.the solut ion 
of equation (1)covers a volume V whkh i s  bounded by surface S. If e x t e r n d  
radiat ion i s  absent, the natural  boundary condition i s  

where n i s  the  external  normal t o  surface S .  

However, we frequently encounter a s i tua t ion  i n  problems of shielding 
when a f lux  of  neutrons f a l l s  on the boundary of t he  medium from the outside.  
In  t h i s  case the boundary condition takes  the form 

In  t h i s  case we can a l so  u t i l i z e  the boundary condition i n  form (2)  by wri t ing 
q . ( r e f .  63 i n  equation (a) i n  the form 

where 6 ( r - r s )  i s  the  6-function which transforms the  volume in tegra l  i n to  a 
surface in tegra l .  The point  rs i n  equal i ty  (2)  should be interpreted as the 

l i m i t  rs+Gn when C + 0 ( e  > 0) .  W e  s h a l l  first consider the following equa

t i o n  which is normally conjugated with (1) 

. -
I av+---. --QVq+ +Z ( E )cp' - s dP' s dE'cp+ (r, S i t ,  E't) xv ai 

X 2 (0-> Q', E +  E') =p (r, P, E ,  t ) .  

where p w i l l  be assumed t o  be an a rb i t ra ry  function a t  t h i s  t i m e .  

3 



For the  sake of brevi ty  we s h a l l  write equations (1)and ( 5 )  i n  the form 
/9 

We s h a l l  i n t e rp re t  x as the set of al l  variables.  The operators f, and E+ are 
l i n e a r  and s a t i s f y  the  re la t ionship  

f o r  any two f'unctions fl(x) and f2(x). W e  shall always be deaLing w i t h  real 

operators and functions. 

For f'unctions f1(x) and f2(x) we  may take the  solutions of equations (1) 
and ( 5 ) .  

With equations (1)and ( 5 )  we introduce equations f o r  the Green functions 
of the basic  and conjugate equations 

We shal l  prove the rec iproc i ty  theorem f o r  the Green functions of t he  basic and 
conjugate equations. For t h i s  purpose we multiply equation ( 9 )  by G+ (x, xl) 

and equation (10) by G (x, xo). We integrate  over the e n t i r e  i n t e rva l  of values 

f o r  the 'var iab le  x and subtract  one in t eg ra l  from the  other (ref.  5 )  

Because the  operators fi and f? conjugate, the  l e f t  p a r t  of equation (ll)be
comes equal t o  zero. Consequently, if we designate xl by x, we obtain 

4 




We w r i t e  the  solut ion of equation ( 5 )  by means of t he  Green function 

or by u t i l i z i n g  re la t ionship  (12), 

Relationship (14) makes it poss ib l e ' fo r  us t o  c l a r i f y  the  physical meaning 
of the  solut ion f o r  the  conjugate equation ( 5 ) .  The function G ( x0' 

x) may be 

in te rpre ted  t o  s ign i fy  the  f l u x  of neutrons i n  x0' i f  one neutron i s  admitted 
a t  point x. 

Consequently, i f  p(x
0

) designates some cha rac t e r i s t i c  of a process with 

neutrons, G (xo, x) p(xo) i s  the number of a c t s  of t h i s  process at t he  coor

dinate  x
0' when one neutron i s  in jec ted  a t  point x. Then [ G (xo, x)  p(xo) dxo 

gives us the t o t a l  number of a c t s  i n  some volume, i f  a neutron i s  in jec ted  a t  
point  x. For example, 4 G (xo, x) Ca dx0 i s  the number of neutrons absorbed 

0 

i n  the volume V0' i f  one neutron i s  in jec ted  a t  point  x .  
+

Thus Cp
P 
(x) describes the  var ia t ion  i n  the t o t a l  number of a c t s  of a 

de f in i t e  process with neutrons as a function of the conditions of neutron 
admission. The conjugate function tends t o  character ize  the qua l i ty  of the 
neutron with respect  t o  a de f in i t e  process, w h i l e  the  basic  function gives us 
a quant i ta t ive  cha rac t e r i s t i c  of the  neutron f lux.  

Proceeding from t h i s  i n t e rp re t a t ion  of a conjugate function we formulate 
t h e  boundary conditions f o r  equation ( 5 ) .  If the  neutrons which have l e f t  /10 
the  system cannot r e tu rn  and contribute t o  the  given process, the  boundary 
conditions f o r  them w i l l  be 

q$(rs, B ,  E ,  t ) = O  when (an)>0 (15) 

+ 
For example, i f  Cp

P 
( x )  character izes  t h e  formation of capture y-quanta, the 

neutrons which are d i rec ted  from the medium i n t o  the  vacuum a t  the boundary 

5 



cannot contribute t o  t h i s  process. Therefore t h e i r  danger t o  the  boundary w i l l  
be eqPlal t o  zero. I n  other cases, when the  process i s  considered outside the  
given system, the boundary condition w i l l  have the form 

This can happen, f o r  example, i f  cp + (x) characterizes the contribution t o  the 
P 

dose by neutrons which are measured a t  the  surface of the shielding, depending 
on the conditions of neutron inject ion.  Neutrons injected a t  the  boundary and 
directed from the medium d i r e c t l y  contribute t o  the  dose i n  view of t h e i r  
biological  effect iveness .  A s  i n  the case of the basic  equation, we can u t i l i z e  
the boundary condition i n  form (l5), writing p i n  the  form 

In  t h i s  case r
S 

i n  equation (15) should be interpreted a s  the  l i m i t  rs+%' 

when 8 .-) 0 ( 8  > 0 ) .  

G. I. March& and V. V. Orlov ( ref .  6) developed the  theory of perturba
tions,assuming sources p(x)  and q(x) i n  equations (1)and ( 5 )  t o  be constant. 
Let us consider the  equations of the theory of perturbations f o r  the  general 
case, when i n  addition t o  the var ia t ion of the  medium parameters there  i s  a l s o  
a var ia t ion  i n  quant i t ies  p( x) and q(x) . Such cases are frequently encountered 
i n  shielding. For example, quantity p(x)  varies when we consider the var ia t ion 
i n  the  in tens i ty  of the  capture y-radiation during the subst i tut ion of one 
material  f o r  another. 

The functional characterizing a de f in i t e  process with neutrons has the  
form 

L e t  us consider t h e  f'unctional 

I n  t h i s  case cp(x) satisfies equation (l), while cp"(x) satisfies equation ( 5 ) .  
We can show t h a t  J = J i n  which case it i s  necessary t o  multiply equation

P 9' 
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I 

(1)by cp+ (x) and equation ( 5 )  by cp (x), and then t o  in tegra te  equations (1) 
and ( 5 )  over x; subtract ing one from the other,. w e  obtain 

$ cp'2cpdx- 5 cpL+q+dx=  - 5 9, ( x )  p ( x )  dx+ s q ( x )  q+ ( x )  dx. ' ( 2 0 )  

Because the  operators L and L+ are conjugate, the l e f t  side of equal i ty  
(20) i s  equal t o  zero. Consequently, 

and J = J . 
P 9 

Let us assume t h a t  t he  var ia t ion  i n  the  parameters of the m?diumAleadz t o  
var ia t fon i n  the operators of equations (1)and ( 5 )  from I?,t o  L '  = L + 6L and 

- t o  f,+ = f? + 6f+ .  I n  addi t ion t o  t h i s  q(x)  i s  replaced by q '  (x) = q (x )  
6q ( x )  and p(x)  i s  replaced by p '  (x) = p (x )  + 6p ( x )  i n  the  r i g h t  sides of 

equations (1)and ( 5 ) .  

The unperturbed system i s  described by equations 

L(P(4=(I(4;
e+,+( x )  =p ( x ) ,  

The perturbed system i s  described by equations 

(i-l- a i )  cp' ( x )  =q (x)  +6q 0); 
(i++62') Cp" ( x )  = P (%) + 6 P  (x). J 

I The i n i t i a l  functional i s  equal t o  

The perturbed functional i s  determined by expressions 

7 




and, 

6Jp = J f  -J .
P P  

L e t  us e s t ab l i sh  a re la t ionship  between t h e  var ia t ions  i n  62, 6p and 6q 
and var ia t ions i n  t h e  funct ional  6JP' For t h i s  purpose we multiply the  first 

equation of system (24) by Cp+ (x )  and the second equation of system (23)by 
Cp' (x). Integrat ing and subtract ing one from the  other,  we obtain 

By u t i l i z i n g  relat ionships  (25-27) w e  obtain 

b J ,  = $ dp ( x )  cp' ( x )  dx + 5 64 ( x )  cp+ ( x )  dx  -$ q)+( x )  dig' ( x )  dx. 

I n  the same manner we obtain an equat,ion f o r  6 5
P 

i n  the  form 

dJ,= 1d p ( $ c p ( x ) d x +  ~ 6 g ( x ) c p " ( x ) d x - 5 q ( x ) d i + c p + ' ( x ) d x .  ( 2 9 )  

W e  note t h a t  re la t ionships  (28) and (29) transform t o  the  conventional 
equation of  the theory of perturbations i n  cases when the  perturbations of the  
quant i t ies  p(x) and q(x) are absent. I n  t h i s  case 6p = 0, 6q = 0, 

6 J , =  i- s cp ( x )  di'cp" ( x )  dx .  

We should note t h a t  the methods of conjugate functions and of the theory 
of perturbations presented i n  the  present sect ion are equally applicable t o  
the y-quanta. 

The equations of the  theory of' small perturbations are obtained from 
equations (29)  and (30) by replacing Cpf (x) with (p (x) and (x) with cp+ (x). 

a 




Certain Functionals i n  the  Theory of Shielding 

L e t  us write down the  functionals which characterize the d i f f e ren t  quan
t i t i e s  which are of i n t e r e s t  t o  us during the calculat ion of the shielding. 
For s implici ty  w e  s h a l l  consider all of the functionals i n  one-dimensional 
plane geometry. 

1. The functional which characterizes the  formation and e x i t  of capture 
y-radiation ( f i g .  1) i s  

where ki is  the  dose produced by a u n i t  f l ux  of y-quanta with energy E i ;  pi i s  

the output of y-quanta with given energy Ei f o r  each captured neutron; q (x, p, 

E)  i s  the  f lux  of neutrons; nY 
is  the  macroscopic neutron capture cross /12 

isection when y-quanta a re  formed; wk i s  the t o t a l  coeff ic ient  of l i n e a r  absorp
t ion  f o r  y-quanta with an energy Ei; Bi i s  the dose fac tor  for  the  buildup of 
y-quanta with i n i t i a l  energy Ei. 

Expression (9)describes the dose of y-quanta leaving one cm2 of the 
shielding surface.  The in t ens i ty  of y-quanta dose a t  points  which are close t o  
the surface of the shielding is  described by an expression similas t o  (g),
but without the cos 8 term under the  in t eg ra l  sign. 

If  the dose buildup i s  represented i n  the form 

Figure 1. Analysis of capture y-radiation. 

9 
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we can in tegra te  expression (9)over 0 and cp and obtain 

n n 

where 

d
0 

is the thickness of t he  considered layer of material i n  which the  y-quanta 

are generated; % is  the  thickness of m a t e r i a l  layers which are s i tua ted  behind 

e-*
the considered layer; E = 7 -d t .  

1 t 2  
As we can see from equation (33), the  Function p i s  wri t ten i n  the follow

ing manner 

The corresponding conjugate equation takes the  form 

The function cp+ (x) describes the  var ia t ion  i n  the  magnituae of the 
dose due to the  capture y-radiation on the  surface of the  shielding (and, 

/13 
generally speaking, at any point)  depending on 'the condition of neutron admis
sion, i.e., cp+ (x) character izes  the danger of a neutron with respect t o  the  
formation and emission of the  capture y-radiation. This danger may be d i f f e r 
ent ,  depending on t he  conditions under which the  neutrons a re  injected.  

2. The funct ional  which characterizes the dose due t o  neutrons i s  

10 




J,= s 1 ( c p ( x ,  p, E ) 6 ( x , - x ) f ( E ) d y d E d x ,  ( 3 6 )  

where f(E) i s  a function characterizing the  b io logica l  dose, produced by one 
neutron with energy E; 6 (xs-x)is t he  Dirac 6-function; x

S 
I s  a boundary point  

a t  which the  dose due t o  neutrons i s  considered. 

It follows from re l a t ionsh ip  (36) t h a t  

p (x, E) = f ( E )  6 (x , -x ) .  (37) 

The corresponding conjugate equation i s  wr i t ten  i n  t h e  form 

@+v+= f ( E )  6 (x,-x). ( 3 8 )  

I n  accordance with the  preceding sect ion,  equation (38) may be wr i t ten  i n  
the form E+ cp+ = 0, with the  boundary condition cp+ (x,) = f (E) when (an)  > 0.  

According t o  i t s  physical meaning the function cp" (x) character izes  neutron 
danger from the  point  of v i e w  of  the  dose produced d i r e c t l y  by the  neutrons 
themselves. 

3. The funct ional  which character izes  the  rad ia t ion  in t e rac t ion  of neu
trons with the mater ia l  i s  

where x i s  a point  a t  which the  r ad ia t ion  in te rac t ion  with the  material i s  
S 

considered; xs = r cos 8 ;  BE; is  the  energy buildup f ac to r ;  gl (E) i s  a func-
S 

t i o n  which descr ibes  the  measure of r ad ia t ion  in t e rac t ion  between the  neutron 
and the  material; g2 (Ei)  i s  a function which describes the  measure of i n t e r 

ac t ion  between t h e  substance and t h e  y-quanta with energy Ei. 

The absolute value of functions gl (E) and g2 (Ei) a l s o  depends on the  

illumination t i m e .  By making assumptions analogous t o  those presented i n  sect ion 
1 of t h i s  par t ,  t he  function p (x, E)  w i l l  have t h e  following form after in t e 
gra t ion  over 0 and cp 

11 




I n  t h i s  case the  m c t i o n  ‘p+ (x) character izes  the neutron danger from the 
point of v i e w  of rad ia t ion  in te rac t ion  due t o  a neutron, both d i r e c t l y  as w e l l  
as by means of the y-quanta which it generates. 

4.  The functional which characterizes the contribution t o  heat  l i be ra t ion  
i s  

(313 = en = energy) 

where x 
S 

i s  the point a t  which heat l i be ra t ion  i s  being considered; AE i s  /14 
the  average energy loss of a neutron with energy E during a s ingle  co l l i s ion ;  
C (E) i s  the macroscopic cross sect ion of elastic sca t te r ing ;  Cna (E)  i s  the  
S 


react ion cross sec t ion  w i t h  the  l i be ra t ion  of an a’-particle or of some other  
charged pa r t i c l e ;  Ea i s  the  energy of (na)-reaction; %Y) i s  the cross section 

of the radiat ion capture of neutrons; Cin i s  the cross sect ion of i n e l a s t i c  

scat ter ing;  pen i s  the energy coef f ic ien t  f o r  the  at tenuat ion of y-quanta w i t h  

energy Ei. If we represent the  buildup fac tor  Bi i n  the  same manner as i n  sec

t ions  1and 3, the function p (x, E)  may be wr i t ten  i n  the form 

The first term i n  equation (42) takes i n t o  account the contribution by 
e l a s t i c  sca t te r ing  t o  heat l ibera t ion ,  while the  second term i s  due t o  the 
react ion with the  l i be ra t ion  of charged pa r t i c l e s .  The t h i r d  term takes in to  
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account the  capture y-radiation, and the fourth defines the  contribution t o  heat 
l i be ra t ion  by y-quanta formed during the i n e l a s t i c  sca t te r ing  of neutrons. 

If we are in te res ted  i n  heat l i be ra t ion  i n  a ce r t a in  region of space, f o r  
example, i n  the  reac tor  vessel, it is  necessary t o  in tegra te  expression (42) 
over x ( f i g .  2) within the l i m i t s  of t h i s  space. Then the expression f o r  

s 

p (x, E) w i l l  take the  form 

The terms ms( E )  and cn&Eabecome equal t o  zero when x < xl and x > x2. 

I n  t h i s  case the  thickness of the layer of the investigated mater ia l  i s  (x2

i
9.))while the coef f ic ien t  of  l i n e a r  a t tenuat ion f o r  t h i s  layer  is  po. The 

function cp+ characterizes the contribution t o  heat l i be ra t ion  a t  a ce r t a in  
point xs o r  i n  some region of space, depending on the conditions of neutron 

in jec t ion .  

Figure 2. Calculation of heat l i be ra t ion  i n  a shielding; 

13 




If we have function cp+ (x)  which character izes  t h e  neutron danger from the  
point  of v i e w  of various processes, we can use equations (28) and (8)of the  
theory of per turbat ions t o  compute the  e f f e c t  of various f a c t o r s  on the  dose 
due t o  capture rad ia t ion  and due t o  neutrons, on heat l i be ra t ion ,  e t c .  

Effectiveness Function of Shielding Materials 

The various materials used i n  shielding have a d i f f e r e n t  e f f e c t  on the  
rad ia t ion  f l u x  beyond the  shielding, and t h i s  e f f e c t  depends t o  some degree on 
t h e  pos i t ion  of t h i s  material i n  the  shielding.  For example, t he  effect iveness  
of boron materials i s  maximum when they are s i tua t ed  close t o  materials /I5
which produce a s t rong secondary y-radiat ion.  

This var ia t ion  i n  the  effectiveness of a pa r t i cu la r  material on i t s  loca
t i o n  i n  t h e  shielding may be described by a function f

AP ( r ) ,  which w e  can c a l l  

the  effect iveness  of the  material A a t  t h e  point  r with respect t o  the  quant i ty  

JP 
. Obviously the  function f

AP ( r )  may be d i f f e r e n t  i n  d i f f e r e n t  shielding 

compositions. 

Quantitatively f
AP 

( r )  i s  equal t o  the  r e l a t i v e  va r i a t ion  of the dose J
P 

when 1 g of material A i s  placed i n  1 cm3 near point  r of t he  shielding.  

If w e  know the  flux d i s t r i b u t i o n  and the  danger functions of neutrons i n  
the  shielding, we can compute t h i s  ~ n c t i o nby using equations (28) o r  (8)of 
the  theory of per turbat ions.  

f~~ ( r )= 1;rf \ d E  5 dS2 6p (r, d , E ,  Q) v’ ( r ‘ E ,  Q) -
Y E 

-!d E  5 di2rp+( r ,  E ,  9)’62~(p‘(r, 

(44) 
E ,  b) .. ., 

where and 6p are due t o  the  va r i a t ion  i n  t h e  parameters of the  medium and 

of the  source i n  the  conjugate equation due t o  the  introduction of 1 g of mate
r i a l  A a t  point  r .  This function m a k e s  it possible  f o r  us t o  s e l e c t  and ar
range the  mater ia l  i n  t he  shielding cor rec t ly ,  i n  order t o  achieve a maximum 
increase i n  the shielding effect iveness .  It i s  obvious t h a t  f

AP 
( r )  gives us 

the  effect iveness  of material  A only when i t s  concentrations are s m a l l ,  when 
it does not subs t an t i a l ly  a l t e r  the  spectrum of neutrons i n  the  shielding.  
I n  order t o  f ind  the optimum arrangement of mater ia ls ,  we must apparently use 
the method of successive approximations. 
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Invest igat ion of Certain Effec ts  i n  Shielding Made 
of Iron by Means of t he  Theory of Perturbations 

A s  an example we present i n  the  present d iv is ion  the ca lcu la t ion  results 
for a two-dimensional shielding made of i ron  and of i ron  with 1percent of boron 
by weight, with a thickness of 20 cm i n  both cases .  W e  assume t h a t  the  inc i 
dent f l u x  of neutrons is  described by the  f i s s i o n  spectrum x (u) .  W e  s h a l l  
consider the  e f f e c t  of boron and hydrogen introduced a t  various poin ts  of the  
shielding on the dose due t o  the  capture y-radiation and due t o  neutrons. 

The three-dimensional energy d i s t r ibu t ion  of  the  flux and of  the neutron 
danger function i s  computed i n  the  P1-approximation by the  multiple group 

method (26 groups). The system of constants and the  breakdown i n t o  groups i s  
shown i n  t ab le s  1-4. 

The system of  equations f o r  computing the  neutron fluxes has the  form 
( re f .  7 )  

(YB = re = removal; 3aM = mod = moderation) 

Here j = 1, 2, ..., 26, with conditions a t  the boundary 

cpi cp:; -- 0 (46)
2 4 

v! 
when x = x 

s’ 
x i s  the  ex te rna l  boundary o f  the  shielding; -+ -

4 
= x. when 

s 2 J 
x = 0 on the  in t e rna l  boundary of the shielding, where 

Boundary conditions (46) mean t h a t  on the ex terna l  boundary of the  
l aye r  the neutron f l u x  from without i s  absent, while on the in t e rna l  boundary

/18 

there  i s  a f l u x  from without of given i n t e n s i t y  x j  = 7 x (u)  du. 



- -  

-- 

TABLE 1. BREAKDOWN OF NEUTRON ENERGY ACCORDING TO GROUPS ( j ) ,  
CONSTANTS AND C O E F F I C I E N T S  O F  CROSS SECTION BLOCKING FOR IRON. 

- -. . 

i AU uc 'mot "re 01r 
- ~ .~ ~ . _  - .  

1 0,48 0,035 0,025( I ,37 I ,72 
2 0,48 I), 00.5 0,0501 I ,35 2,04
3 0,48 0,002 0,093 1,13 2,13 
4 0,57 o ,003 0,09f( 0.90 2,57
5 0,57 0,004 0,120 0 ,4 8.1 2,29
6 0,6!1 0 ,  no:, 0,161 0, I66 3, I6 
7 n,w 0,006 0,142 0,148 3,76
8 0,6!1 n,006 0,181 0,187 3,52 
9 0,77 n,007 0,237 0,234 5,12 

10 0,77 0.017 0,657 0,674 4,21 
I 1  0.77 0,005 0,183 n, 188 3,DG 
12 n,77 o,  no4 D,385 0,389 8,32 
13 0.77 0,Ol 1 D.270 0,281 5,85 
14 0.77 0. I06 3,338 0,444 7,43 
15 465. I on0 O,i7 0,o 1 5 3 ,  ISH 0,173 9,9 
16 215.465 0.77 ( 1 ,  om 1,504 D, 532 0,80 
17 100.215 0.77 0,037 1,522 0 ,  ,559 1,29 
18 4 6 3 .  ion 0,77 o,  053 1,522 9,575 1 ,39 
19 21,5.46,5 0,77 0,072 ),522 D, .in4 1 ,XI 
20 10*21,5 0,77 0 ,  10.5 ),522 0,627 1 , X I  
21 4,65.10 0,77 0,154 1,522 3,676 1,49 
22 2,15.4,65 0,77 n ,220 1,522 1,742 1.49 
23 1 ,0.2,15 0,77 n, 330 ), 522 1,852 
14 0,465.1 ,0 o,77 D,4!10 ), 522 1,012 
25 0,215.0,465 0,77 D ,720 1,522 1,242 
16 Thermal - 2,53 - !,53 3,79 
- ----

NOTE: A l l  commas i n  t a b l e s  represent decimal points .  

A system of  equations for computing the  neutron danger function with re
spect t o  the  capture y-radiation has the  form 

'p+j 'p+j 

with the  conditions a t  t h e  boundary -	1 + - =0 
0 when x =  x 

S' 
i .e . ,  a t  the2 4 

Eptj cp+j
.1 0externa l  boundary; -- -4 -- 0 when x = 0, i . e . ,  on the  in t e rna l  boundary, 

where 2 
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The physical meaning of such boundary conditions is  obvious. The danger 
of neutrons which are d i rec ted  from the  medium in to  the  vacuum at  the boundary 
i s  equal t o  zero, because neutrons of t h i s  type cannot enter  the medium and 
consequently cannot produce capture y-radiation. 

The system of equations fo r  computing the danger function with respect 
t o  the neutron dose on the  ex terna l  surface of  the  shielding i s  wri t ten i n  the 
form 

TABLE 2 .  CROSS SECTION OF INELASTIC TRANSITION r~'" FOR IRON
AND FOR BORON-10. i n  

I ron 
. - -

I 2 3 4AI. .. .. -
7I 

0,22

0,31 O,60

0,33 0,14 0,46 

0,23 0,I3 0,25 0,16

0,  I O  0,05 O , O 3  0,15

0,03 0,03 0,Ol 0, os 

0,Ol  0 0 0,Ol 


Boron 1 .. -~ 

I 1 ..3- l 4 
I 

2 

3 0,03 

4 0,04 0,04


0;OS 0,04 0,Ol 0,03 
6 0,03 0,Ol 0,Ol 0 

.. 
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TABLE 3. GROUP CROSS SECTIONS FOR BORON ISOTOPES BIO and Bll .  

-
BI' 


~ 

I 
UC - mod U l O t  'mod (3re-

01r 
-~ ~ - - -. . 

1 0,15 
2 0,30 

0,185 
0,235 

1,50 
1,60 

0,184 
0,244 

n ,  594 
0,304 

I ,00 
I , @ I  

3 n,25 0,416 1 ,no n,106 0,136 1.17 
4 0, 80 0,125 2, on 0,563 0,563 I , i G  
5 n,22 0,645 2,50 0,61!) 0,610 I , ! ) I
6 0,50 0,!)67 1 , l O  0,502 n 2,240 
7 O , ! ) O  I ,on LI ,:In 0,739 0,739 3,2% 
8 1 , G O  0,8G9 4,HO 0 782 I ) ,  782 3,20 
9 2,40 0,584 1,80 0,836 0,836 3,53 

10 3,60 0,187 5,60 0,816 0,816 3,57 
11 5,20 0,560 7,50 0,846 0,816 3,57 
12 7,70 0,633 in ,3 0,816 0,846 3,57 
13 1 I ,20 0,706 1 4 , l  0 ,  816 0,816 3,57 
14 16,60 0,755 19,7 0,816 0,846 3,57 
15 24,30 0,770 27,s 0,846 0,846 3,57 
16 35,70 0,803 30,O 0,816 0,846 3,57 
17 52, SO 0,803 55,8 0,846 0,816 3,57 
18 77,O 0,803 80,3 0,846 0,846 3,57 
19 112 0,803 1 I5 0,846 n,mfi 3,s7 
20 I66 n ,  803 169 0,846 0,846 3,57 
21 243 0,803 216 0,846 0,846 3,57
22 357 0,803 360 0,846 0,846 3.57 
23 525 0,803 528 0,816 0,846 3,57
24 770 0,803 773 0,816 0,846 3,57 
25 120 0,803 123 0,846 0,846 3,s7 
26 io00 - 1003 - - 3,57 

with the boundary conditions 

Indeed, the neutrons on the in t e rna l  boundary of the  shielding, which are  
directed from the  medium in to  the vacuum, cannot contribute t o  the dose meas
ured a t  the external  boundary, and therefore  t h e i r  danger is  equal t o  zero. 
A neutron on the external  boundary, directed from the medium in to  the  vacuum, 
contributes d i r e c t l y  t o  the dose corresponding t o  the biological  e f fec t ive

ness f+J .  

Figures 3 and 4 show the neutron danger f'unctions r e l a t ive  t o  the  capture 
y-radiation i n  i ron  and i n  i ron  with a.n addition of 1percent boron by weight. 
These functions describe the var ia t ion  i n  the  dose due t o  the  capture y-radiation 
on the surface of t he  shielding as a function of the coordinate and of the  
energy a t  which the neutron i s  injected in to  the shielding. 

18 




TABLE 4. GROUP CONSTANTS FOR HYDROGEN. 

ac as‘ I 2 l 3 (7re 
- _  

1 0,100 0,210 0.  I76 1 I ,2( 1 ,04 
2 0,512 I),375 o, 205 3 1 ,GI 1,36
3 n,767 0,118 0,27!) 3 2,2( 1,74
4 0,975 0,650 0,32.5 1 3,0( 2,27
5 1,558 0,779 o,::x!) 3 4,  I (  3,12 
6 2,065 1,033 0,553 3 5,7( 4,13 
7 2,936 1,572 0,732 3 8,1( 5,87 
8 1,270 1,986 0,919 1 I1,O 7,97 
9 5,238 2,130 I ,  128 3 14,O 9.77 

I O  6,210 2,882 1,338 3 16,6 1 I ,55 
11 6,921 3,212 1,491 3 18,s 12,!)2
12 7;’220 3,350 1,556 D 19.3 13,17 
13 7,369 3,120 1 , 5 w  0.00 13,7 13,75 
14 7,182 3,472 1,612 o,no zn,n 13.75 
15 7,520 3,489 I ,620 0 ,on: 20,1 14,n3 
16 7,557 3,506 1 ,F28 0,on: 20,2 1 1 , l O  
17 7,557 3,506 1.628 0.00 20.2 i4 , in  
18 7,594 3,524 1 ;636 14,17 
19 7,594 3.524 1,63G 0,009 20,3 14,17 
20 7,594 3,524 1,636 0,014 20,3 14,17 
21 7.594 3,524 o.020/ 20,3 14, I7 
22 7,594 3,524 0,0301 20,3 14,17 
23 7,594 3,524 0,044 20,3 14,17 
24 7,594 6,577 0.0641 20,3 14.17 
25 7,594 0,003,20.3 14,17 
26 14,17 

-

A s  we can see from f igure  3, the danger function has a maximum,  dur
ing i t s  variation, which i s  close t o  the external  boundary of the shielding. 

/19 
This var ia t ion  of the  curves i s  due t o  two reasons, a decrease i n  the  prob
a b i l i t y  of y-quanta absorption as the edge o f  the shielding i s  approached and 
an increase i n  the  probabi l i ty  of neutron leakage from the shielding without 
the formation of y-quanta. 

Therefore, the danger function increases up t o  ce r t a in  points of the  
shielding where the  leakage of neutrons is  s t i l l  s m a l l .  Near the boundary 
where the neutron leakage e f f e c t  becomes substant ia l ,  the  danger function 
drops. The danger function decreases as the  energy increases ( f i g .  3 ) ,  be
cause the  formation of y-radiation decreases due t o  a decrease i n  c

b Y ) .  
When boron i s  introduced, there  i s  a s l igh t  change i n  the d i s t r ibu t ion  

of the danger functions. In  par t icu lar ,  neutrons of low energy i n  the  shield
ing points s i tua ted  far away from the  external  boundary have a smaller danger 
than neutrons of higher energy. In  pure i ron  a neutron may diffuse over a /20-
def in i t e  distance and only then be captured by the i ron  with the formation of 
the y-quantum. 

The addition of boron t o  i ron  leads  t o  a decrease i n  the migration length 
of  neutrons, pa r t i cu la r ly  of  those with small energy which are absorbed prac
t i c a l l y  a t  the same place where they are bred. Therefore, the  path t raveled 
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Figure 3. Danger function of neutrons w i t h  respect t o  capture
y-radiation i n  i ron  (numbers above curves designate numbers of 
energy groups; f o r  breakdown of energy in te rva l  according t o  
groups, see table 1). 

by the y-quanta t o  the surface of the shielding increases, which leads t o  a 
decrease i n  the danger function at  points of the shielding away from the sur
face. The introduction of boron produces a decrease i n  the danger of s o f t  
neutron groups, a lso  due t o  the occurrence of a competing process .of neutron 
capture by boron nuclei  without the generation of hard y-radiation. In  prin
c ip le  it i s  possible t h a t  with fur ther  addition of boron t o  iron the danger
function of neutrons with l o w  energy w i l l  be less over the e n t i r e  thickness 
of the shielding. 
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Figure 4. 

y-radiation i n  i ron  with addition of 1percent boron by 


Neutron danger function with respect t o  capture 

weight. 

Figure 5 shows the  danger function according t o  the neutron dose meas
ured a t  the  external  surface of  the shielding as a function of the  coordi
na te  and of the energy a t  which the neutrons are injected in to  the shield
ing. Such a function increases monotonically over the thickness, because 
as  the  neutron i s  injected c loser  t o  the surface, the probabi l i ty  of i t s  
leakage from the shielding increases,  together with the  poss ib i l i t y  of i t s  
contribution t o  the dose. 

The three-dimensional d i s t r ibu t ion  of the danger function f o r  neutrons 
of the 10th group with respect t o  the  captured rad ia t ion  and the neutron dose 
has a ra ther  shallow nature.  This i s  explained by the presence of a drop i n  
the var ia t ion  of the  i ron cross sect ion i n  the 10th group, as a result of which 
a neutron of given energy d i f fuses  f r e e l y  over the  e n t i r e  thickness of the  
iron. As a result the  quantity of y-quanta and the  dosage due t o  neutrons on 
the surface of the  shielding depend very l i t t l e  on the coordinate of the  point 
where the neutrons are injected.  
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Figure 5 .  Danger function with respect t o  neutron dose 
measured on external  surface of shielding. 

To c l a r i f y  the  effect produced by the  introduction of  boron and hydrogen 
on the dose due t o  the  capture y-radiation and due t o  neutrons, we u t i l i z e  the 
theory of perturbations.  The equation of the theory of perturbations for a 
multiple group system of  equations i n  the  P1-approximation has the  form 

(49) 

Integrat ion i s  car r ied  out within the limits of the  region where perturba
t i o n  takes place. 

I n  the  case whenin the region from x1 t o  x 
2 

( f i g .  2) there  i s  a var ia t ion 

i n  the  attenuation propert ies  with respect t o  y-quanta and i n  the  neutron 
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capture cross sect ion C
(nY 1’ t he  expression f o r  6p (x) i n  equation (49) assumes 

the  following form when 0 * x xl 

when x 5 x x
1 2 

when x > x2 

6pj (x) = 0, 

( x  = x) 

where A I i  i s  the var ia t ion  i n  the coef f ic ien t  of l i n e a r  y-quanta attenuation 

i i
with energy Ei, ApOl= AP 

i (1 + al), Api = p 
i t  - pi. 

We return t o  the consideration of plane shielding made of i ron  with a 
thickness of 20 cm, which i s  subjected t o  neutrons of the  f i s s ion  spectrum. 
A s  these neutrons are captured by the  iron, they generate y-quanta which pro
duce a de f in i t e  dose associated with y-quanta as  they e x i t  t o  the  external  
surface ’of the shielding. L e t  us invest igate  the var ia t ion  of t h i s  dose as 
a f’unction of t he  locat ion where boron and hydrogen are introduced in to  the  
shielding. The three-dimensipnal energy d is t r ibu t ion  of neutrons i n  the i ron  
layer  i s  shown i n  figure 6. 

Figure 7 shows the  r e l a t i v e  var ia t ion  i n  the dose 6D/D as a function of 
the locat ion where boron i s  introduced. Boron i s  introduced i n  place of i ron 
i n  a layer  with a thickness of 0.1 cm i n  the  amount of 1percent by w e i g h t .  
A s  we can see from the i l l u s t r a t i o n ,  effect iveness  of boron close t o  the edge 
of the  shielding i s  approximately t en  times greater  than at the  beginning of 
the  l aye r .  

The var ia t ion  i n  6D/D as a function of the  point where hydrogen i s  in t ro
duced i s  shown i n  f igure  8. Hydrogen i s  introduced i n  the quantity of 5 -
cent by volume i n  a layer of thickness 0.1 cm and a densi ty  of  0.111 g/c nger
The curve 6D/D, as .shown i n  figure 8, has a maximum when x N 10 cm. 
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Figure 6. Neutron fluxes i n  i ron  shielding. 

W e  should point out t h a t  the leakage of neutrons from the  i ron layer  i s  
rather  high (approximately 96 percent),  and the capture of a neutron takes 
place bas ica l ly  f o r  fast neutrons with E N 50 keV-1 MeV. In the  f i r s t  layers  
of i ron some softening of the neutron spectrum takes place, as a r e s u l t  o f  
which the  act ion of hydrogen increases and the curve 6D/D increases.  Begin
ning with x -10 cm, the e f f e c t  of the boundary on the  d is t r ibu t ion  of fast 
neutrons becomes more pronounced, while the  var ia t ion  of the  spectrum prac
t i c a l l y  ceases. Due t o  the effect of the boundary, the danger function of 
fast neutrons,which are primarily responsible f o r  the  capture, becomes shal
low a t  f i rs t  and then drops towards the  edge of  the shielding. The drop i n  
6D/D close t o  the  ex terna l  boundary, when i ron  i s  replaced by hydrogen, pro
duces an e f f e c t  which also decreases the  quant i ty  of the formed y-quanta, due 
t o  the  lowering of t he  value i n  the macroscopic neutron capture cross sect ion 

( the term 6pjCpj). If i ron  i s  replaced by boron t h i s  fu r the r  increases the  
negative act ion of boron. 
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Figure 7. Relative var ia t ion  of 

dose (6D/D) due t o  capture radia 

t i o n  as Function of place where 

boron is  introduced. 


Figure 9 .  Relative 
neutron dose (6D/D) 

Figure 8. Relative var ia t ion  i n  
dose (6D/D) due t o  capture radfa
t i o n  as function of place where 
hydrogen is  introduced. 

var ia t ion of 
as function 

of 'p lace  where boron i s  in t ro
duced. 

The var ia t ion  i n  6D/D due t o  the  neutron dose as a function of the  place /24
where boron i s  introduced i s  shown i n  figure 9.  Boron i s  introduced in to  a 
layer w i t h  a thickness of 0.1 cm i n  a quantity of 1percent by weight. The 
act ion of boron ( f i g .  9 )  l eads  t o  a decrease i n  the dose due t o  neutrons. This 
i s  explained by the  f a c t  t h a t  the dose due t o  neutrons beyond the i ron  with a 
thickness of 20 cm primarily forms neutrons w i t h  an energy of approximately 
500 keV, f o r  which the act ion of boron i s  more pronounced than the act ion of 

i ron.  The increase i n  IgI, as we  move away from the in t e rna l  edge of the 

shielding, i s  due t o  a ce r t a in  softening of the neutron spectrum as a result 
of which the  act ion of boron increases.  

I n  conclusion we compute the var ia t ion  i n  6D/D due t o  the capture radia
t i o n  in t he  case when boron i s  introduced over the e n t i r e  l aye r  of i ron .  The 
c6lculations car r ied  out  w i t h  the exact equations of  the theory of  perturba
t ions,  u t i l i z i n g  the unperturbed flux and the  perturbed danger function, give 
us a value 6D/D = 75 percent.  The e f f e c t  computed by means of equations of  
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the  theory of s m a l l  perturbations u t i l i z i n g  an unperturbed f l u x  and an unper
turbed danger function give' us a value 6D/D = 65 percent. Consequently the 
equations of small perturbations i n  t h i s  case y i e ld  an acceptable accuracy. 

The authors express t h e i r  grat i tude t o  A. I. Leypunskiy, V. Y a .  Pupko 
and E .  Ye .  Petrov for useful advice and remarks. 
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TRREE-DIMENSIONAL ENERGY DISTRIBUTION OF FAST NEUTRONS 
I N  HYDROGEN 

Sh . S . Nikolayshvili 

An i so t ropic  point source of monoenergetic neutrons i n  an i n f i n i t e  
hydrogen medium i s  given. It is  ,required t o  f ind the energy d is t r ibu t ion  of 

/24 
f a s t  neutrons a t  various dis tances  from the s o u c e .  

For the  spec t ra l  cha rac t e r i s t i c  of the  neutron f i e l d  we u t i l i z e  the 
neutron f lux  function N 

0 
(r ,  E )  which i s  determined i n  the following manner. 

If r i s  the  distance of the  considered point i n  space from the source, S i s  a 
sphere with a un i t  cross sec t ion  of the la rge  c i r c l e  and with the center a t  
t h i s  point, while E i s  the  energy of the neutron i n  megaelectron vol t s ,  the  
t o t a l  number o f  neutrons with energies within the in te rva l  (E,  E + dE) i n t e r 
sect ing the  sphere S per u n i t  time i s  equal t o  N

0 (r, E )  dE. 

The problem of determining the  function No (r, E )  i s  reduced t o  the  solu
t ion  of equation (refs.  1, 2 and 3) .  

J1-pT2COS CY. I n  the region of high energies k2where p1 = pp' + 4 1 - 1 ~ ~  

u ( u )  f us (u) ,  while cS (u )  i s  obtained ( r e f .  4) by means of equation 

where y2 = 1.21 e-U; E
0 

i s  the  i n i t i a l  energy of the neutrons; u = lnEO/E. 

The unknown f'unction No (r, E)  i s  determined from the relat ionship 
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where 

while @ (r, p, u)  i s  the  solut ion of equation (l), which becomes equal t o  0 
when r a. 

The approximate calculat ion of the  function Bo (r,  u)  i s  achieved by 

u t i l i z i n g  the  method of moments (refs. 1and 5 ) ,  which consis ts  of  f inding 
several f irst  even moments of the  function Bo (r, u)  from equation (1) 

and then constructing i t s  approximate representation from the  establ ished 
moments of t he  function. I n  the present work t h i s  representation i s  con
structed by means of the first three moments, u t i l i z i n g  a method described 
i n  reference 6. 

The determination of the  corresponding moments of the  function, after 
the  nonscattered pa r t  of the  neutron f i e l d  i s  el iminated,reducesto the solu
t i o n  of a system of s i x  in tegra l  equations having a form 

u'-u 

where f (u) i s  a continuous function of  u, while Q
V (e ) is? EL polynomial 

u'-u 

2of degree v with respect t o  e 

Qv(e 
u'-u- y 3- (u'-U) (7)) =  2 npc2 

q=o 
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Equation (6) is e a s i l y  solved by numerical in tegra t ion .  B e l o w  we describe the 
method. we l a y  out  the  po in t s  ukp % = MI, k = 0, 1/2, 1, 3/2, ..., a o n g  t n e  

u axis, where h i s  a constant, and adopt the  designation 

I f  we introduce the  new f'unctions 

equation ( 6 )  may be rewr i t ten  i n  the form 

Assuming that  u = % i n  this  equation, we obtain 

Here, i n  v i e w  of the adopted designation 

Since % = xql+ h, the las t  expression may be wr i t ten  i n  the form /26 

or 




W e  make use of the  Simpson equation t o  compute the in t eg ra l  i n  the  right 
s ide .  In  t h i s  case 

Subst i tut ing the resu l t ing  expression A
sk 

i n to  equation (lo), we obtain 

the following equation f o r  computing the values of  yk 

q=o q = O  

Relationships (14) and (13) jo in t ly  y ie ld  an approximate solution of 
equation ( 6 ) ,  i f  we know the values yo, y112, Aso' As,l /2 

( q  = 0, 1, ..., v ) .
When u = 0 we have 

The values when u = u may be obtained i f  we  use the  trapezoidal equation
1/2 

fo r  computing the  respective in tegra ls .  

0 0 0A f t e r  the  moments Go, G 2 ,  a4 have been establ ished,  the function 
0 

(r, u)  may be determined by means of the approximate equation 

where 

To control the  calculat ions it i s  useful  t o  note t h a t  when u = 0, A = 0
SO'v = l a n d u =  aO' 



- 

TABLE 1 

Eo = 2 MeV 

IO 20  30 40 5 0  6 0 

2,000 0,9713 1,943 2,914 3,885 4,856 5,828 
1 ,902 0,9929 2.01 I 3.052 4,115 s.2r13 6,311
1,810 1,015 2,079 3,188 4,346 5,.511 6,797
I .G3X I I ,063 2,222 3,4(i5 4.791 6.2W 7,717 
1 ;482 1,116 2,373 3,747 5,237 6.8.50 8.:;a7 
1,341 I ,  171 2,531 4 ,  035 5,681 7 .  ,177 9. 3-10 
1,213 1,232 2,  G!l6 4,331 6,128 II ,I)!L IO,24 
1,098 1,296 2,86'3 4,636 6,581 8,711) I 1,112 
0.993 1,362 3,050 4,950 7,040 9,322 11.79 
0; 899 1,433 3,238 6,274 7,298 3,339 12,:ST, 
0,813 1,507 3,434 S ,609 7,980 10,56 13.33 
0,736 1 ;584 3,639 5,955 8,481 11.20 14 ,0!) 

~ 

TABLE 2 

E = 4 MeV
0 

l - l  
.. 

~I 	
4,000 

II 0 , 3 m  O , 6 4  I!) 0,9682 1,969 3,004 
3,805 0,3237 0,G 5 , l ~ l  0,0022 2,049 3,299 
3.Gl9 I 0.32S8 0,6677 I .017 1 2.124 I 3.G00 1 

0, C!)G7 
2 ;963 0,7286 1 126 21430 
2,681 0,3i34 0,7635 1,188 2,588 5,5!)8 
2,426 0.3772 0,HOI I 1.253 2.719 6 .357 

0,8416 1.323 I 21916 I 7:177 I
i ;797 0,4255 0,9306 I ;475 3 ;270 91035 
1,472 0,4633 1,031 1,645 3,654 11,24 
1,20s Ot50ti4 I ,  153 1,833 4,072 13,90 
0,986 0,5532 1,265 2,039 4,535 17,11 

This method w a s  used t o  compute the d i s t r ibu t ion  of fast  neutrons (with 
energies grea te r  than 1MeV) i n  pure hydrogen with a density equal t o  the 

2 -6.O23-lO23density of the hydrogen nucleus i n  ordinary w a t e r ,  n = 
18 



0 . 6 6 9 ~ ? . 1 0 ~ ~nuclei  of hydrogen per cubic centimeter. 

It w a s  assumed t h a t  we had an i so t ropic  monoenergetic point source 
which emits one neutron with an energy Eo every second. The i n i t i a l  energy
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E
0 

w a s  assumed t o  be equal t o  2, 4, 6, 8, 10, 12 and 14 MeV. 



\ I O  zn  30 GO 90 

E,*Y -. .~~ 

6,000 0,1586 0,3173 0,4759 0,9518 1,428
5,707 0,1603 0,3212 0,4827 0.9708 1,163
5,429 0,1620 0,327255 0,4900 0,9902 1.498 
4,912 0,1659 0,3353 0,5066 I 1,031 1,566
4,445 0,I701 0,3463 0,5262 1,074 1.63fi 
4,022 0,1748 0,3585 0,5459 1,121 1,708
3,639 0,I798 0,3721 0,5685 1,172 1,785
3,293 0,1857 0,3868 0,5932 1,227 1,866
2,980 0,1919 '0,4029 0,6200 1,285 1.951 
2,696 0,I985 0,4201 0.6489 1,349 2,046
2,207 0,2136 0,4588 0,7129 1,487 2,242
1,807 0,2309 0,5026 0,7856 1,644 2,467
1,480 0,2507 0,5521 0,8673 1,819 2,718
1,211 0,2730 0,6073 0,9580 2,013 2,997
0,992 0,2980 0,6684 1,058 2,228 3,307, 

TABLE 4 
Eo = 8 MeV 

. 

I 
20 30 60 90 

.- . -.__ 

8,000 0,09278 0,1818 0,2671 0,5023 0,7085

7,610 0.03363 0,Id34 0,2696 0,SO73 0,7158

7,239 0,09410 0, 18.52 0,2723 0,5123 0,7223
6,550 0,09619 0,183'2 0,2785 0,5214 0,7387
5,926 0,09816 0,I!i39 0,2&59 0.5386 0,772571
5,363 0,IO03 0,1!)9l 0, E142 0,5549 0,7789
4,852 0,1028 0,2050 0,3036 0,5734 0,8032

4,390 0,IO54 0,2115 0,3141 0,5939 0,8305

3,973 0,1084. 0,2187 0,3255 0,6166 0,8608

3,595 0,1116 0,2266 0,3381 0,6414 0,8940

2,943 0,1189 0,2444 0,3665 0,6979 0,909

2,410 0,I276 O12G50 0,3995 0,763j 1 ,OS8
1,973 0,I376 0,2888 0,4373 0,8386 1, I60 

1,615 0,1506 0,3158 0,4801 0,9235 1,276

1,322 0,1621 0,3160 0;5283 1,019' 1,402

1,083 0,1769 0,3800 0,5816 I, 124 1,548 

I .. .. 



TABLE 5 

EO = 10 MeV 

I O  20 ao 60 00 

.- __ ~ ~ ~~ 

10,oo 0,06253 0,1251 0. IR76 0,3751 O,Mj21
9,612 0,06300 0,115!)' 0; I887 0,3765 0,m30
9,048 0,06316 0,126u 0, I!)nl 0,37R? 0,6611
8, I87 0,06483 0,12!H) 0,1!)32 0,3133 0,5691
7,408 0,06663 0,1315 0,1969 0,3896 0,15766
6,703 0,06787 0,1318 0,2013 0,3980 0,5866
6,065 b,066l!, O,l39!i 0,2062 0,4077 0,Gm4
6,488 0,06978 0,1.111 0,2120 0,4188 0,6147
4,3336 0,07I16 0,1452 0,2184 0,4319 0,6322
4,493 0,07333 0 , 1 m  0,2254 0,4460 0,6526
4,066 0,07537 0,1543 0,2331 0,4617 0,6742
3,679 0,07763 0,  I59G 0,2416 0,4792 0,6995
3,012 0,08262 0,1716 0,2608 0,5188 0,7559
2,466 0,08877 0,1857 0.2832 0,5&57 0,8235
2,019 0,09578 0,2I)l8 0;30es 0,6189 0,9005
1,653 0,1038 0,2202 0,3381 0,6798 0,9875
1,353 0 , l  I29 o , m  I o 0,3710 0,7480 1,087
1,108 0,1232 0,2612 0;4076 0,8234 1,196 

TABLE 6 

Eo = 12 MeV 

_ _  

10 20 30 

~~ 

12,oo 0,04373 0,08745 O., 1289 0,2512 0,3671
11,42 0,04403 0,08719 0, I295 0,2573 0,3657
10,86 0,04434 0,08773 0, I302 0,2517 0,3650
9,825 0,04499 0,08894 0,  I318 0,2533 0,3649
8,890 0,04568 0,09033 0, I337 0,2560 0,3668
8,044. 0,04647 0,00192 0,1360 0,2596 0,3705 

7,278 0,01731 0,0!1374 0,  I387 0,2645 0,37.50
6,586 0,04827 0,0!1580 0,1418 0,26!)8 0,3828
5,959 0,04031 o ,n! AI19 0,1454 0.2763 I 0.3913
5,392 0,05047 0.IOO7 0 , I ~ 3  0 2838 0 ;.IOI :I 
4,879 0,05175 0,I I IB.5 0,1537 012!J23 0.4 I 21)
4,415 0,05316 0,1OGG 0 ,  I585 0,3018 0,42.5!,
3,614 0,05639 0 ,  I 133 0,16!J7 0,3239 0,4565
2,959 0,06023 0,1224 0,1830 0,3502 0,1!)33
2,423 0,06473 0,1323 0,  I984 0.3806 0.*5.'%6.5 
.I,984 0,06993 0, I437 0,2162 o:4162 o;5esa
1,624 0,07590 0,  I568 0,2364 0,4562 0.6428
1,330 0,08266 0,1714 0,2591 0,5012 0,7046 

~~ 
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TABLE 7 

Eo = 14 MeV 

. .. 

0 .4  3.0 4 . 0  

E,MeV\ - _____ ~ -. .

14,OO 0,02857 0,07 I13 0,1129 0,2143 0,2857
11,46 0,02938 0,1441 0,2135 0,2812,
9.381 1 0.03030 1 0.072!)4 

0,1171 0,2163 0,2823
7 ;683 0,03 I39 0,1518 0,2222 0,2889
6,291 0,03270 0,I585 0,2314 0,300~1
5,150 0,03129 0.1671 0,2438 0,3154
4,217 0,0362 I 0;1777 0,2591 0,3351
3,152 0,03850 0, I on7 0,2784 0,3599
2,827 0,041 19 0,2060 0,3009 0,3891
2,314 0,01134 0,2238 0,3273 0,1232
1,894 0,04797 0,2442 0,3576 0,1624
1,551 0,052 12 0,2672 0;3918 0,5068
1,270 0,05680 0;2932 0,4302 0,5568 

The results of the  calculat ions are shown on t ab le s  1-7 and are  pre

sented i n  the  form of the  function 4nr2 No (r,  E) .  1 

The author expresses h i s  deep grat i tude t o  G .  I. Marchuk f o r  h i s  valu
able remarks and t o  T. I. Stavinskaya for the  grea t  deal  of work she has 
performed i n  carrying out the numerical calculat ions.  
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TBREE-DIMENSIONAL DISTR-IWTION OF "TTRONS IN AN INFINITE 
HOMOGENEOUS MEDIUM WITH A POINT UNIDIRECTIONAL SOURCE 

A. P. Suvorov, Ye. B. Breshenkova and V. V. Orlov 

This work considers three-dimensional d i s t r ibu t ion  of neutrons i n  an 
i n f i n i t e  homogeneous medium with a point un id i rec t iona l  source. The so lu t ion

,& 
is  car r ied  out using a s ingle  ve loc i ty  approximation. The determination of the 
three-dimensional d i s t r ibu t ion  i s  reduced t o  the  solut ion of the  conjugate 
k ine t i c  equation with an i so t rop ic  r i g h t  par t ,  which i s  solved by the method 
of moments. 

A de t a i l ed  examination i s  made of the  physical naeaning associated with 
the conjugate equation and its solution, the expediency of i t s  u t i l i z a t i o n  i n  
the solut ion of spec i f i c  problems. The d i s t r ibu t ion  of fast neutrons i n  i ron  
is  computed and the  results of the ca lcu la t ion  are compared with experimental 
r e s u l t s .  

Physical Meaning of Kinetic Conjugate Equation 
and i t s  Solution 

For the sake of brev i ty  we wri te  the  k ine t i c  equation, fo r  an a rb i t r a ry  
d i s t r ibu t ion  of sources, i n  the operational form, i.e., without wri t ing out 
the l e f t  p a r t  of the k ine t i c  equation i n  d e t a i l  we designate it by LF (r, n, E )  
and obtain 

where L i s  a l i n e a r  operator of the  k ine t i c  equation; F (r, n, E)  i s  the radia
t i o n  flux at the point  r with ve loc i ty  d i rec t ion  n and energy E from the  d i s 
t r i bu ted  sources q (r, n, E);  q (r, n, E) i s  a known source d i s t r ibu t ion  f'unc
t ion ,  i.e., the number of p a r t i c l e s  emitted every 1 sec a t  point r with energy 
E and with veloci ty  d i r ec t ion  n. 

Any physical. quantity,  which is  associated i n  a l i n e a r  manner with t h e  
rad ia t ion  flux F (r, n, E)  from d i s t r ibu ted  sources q (r, Q, E), may be ex
pressed i n  the form of a t r i p l e  i n t e g r a l  over drdf2dE i n  t he  following 
manner 

36 

I 



where p (r ,  hl , .E)  i s  a known function characterizing the relat ionship between 
quantity J

P 
and f lux  F, while the limits f o r  the var ia t ion  of variables asso

c ia ted  with the  observation point  are determined from physical considerations. 
For example: 

1. The radiat ion f l u x  at: an a r b i t r a r i l y  f ixed point r '  with a velocity 
d i rec t ion  62'  and energy E '  from the d is t r ibu ted  sources i s  equal t o  

i . e . ,  p (r,  R, E )  = 6 ( r - r ' )  6 (a-R')6 ( E - E ' )  depends parametrically on r l ,
a', E ' .  

2. The t o t a l  rad ia t ion  f lux,  i . e . ,  the flux integrated over a l l  possible 
veloci ty  direct ions a t  an a r b i t r a r i l y  fixed point r '  with energy E '  f rom the  
d is t r ibu ted  sources i s  equal t o  

(r', E ' )  = \ dr cfQ (/EJ ~ ( ~ - ~ , ) ~ ( ~ ~ - ~ ~ ~ )  F (r' ,  Q', E') 8 (r -r') 6 ( E - E ' ) ,  

and depends parametrically on r ' and E ' ;  p (r ,  R, E )  = 6 (r-r I )  6 (E-E '  ) . 
3. The number of co l l i s ions  per 1 see i n  an a r b i t r a r i l y  fixed point r' 

i s  equal t o  

J ~ ( 1 < ) 6 ( r - r * )(r ' ) =S d r  dQ dE F ( r ,  9,E)  X (E)6 (r -r'), 

A 

where c ( E )  i s  the t o t a l  macroscopic cross sect ion.  

4 .  The count of a collimated detector  per 1 sec a t  an a r b i t r a r i l y  
fixed point r '  during the collimation o f  the incident radiat ion i n  the direc
t i o n  62' i s  equal t o  

Jz,,(sM(r-r,)a(a-n*) (r', 52') = 5 dr dQ d E  F ( r ,  Q, E )  V S o  ( E )6 (r - r') 6 (52 -Q'),  

where V i s  the  volume of the  detector ;  cD( E )  i s  the cross  sect ion of the 
detector .  

5 .  The count of an i so t ropic  detector  a t  the point r '  during 1 sec is  
equal t o  
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6. The dose a t  an a r b i t r a r i l y  f ixed point r f  from the  d is t r ibu ted  sources 
i s  equal t o  

where D ( E )  i s  a dose corresponding t o  the u n i t  rad ia t ion  f lux  with energy E. 

7. The in t eg ra l  dose f romthe  d is t r ibu ted  sources i s  equal t o  

JD = \ dr dQ clE F (r, 9 ,  E )  D (E). 

Let us consider the  same physical quantity J not from the  a r b i t r a r i l y
P 

d is t r ibu ted  sources q (r, n, E ) ,  but ra ther  from an elementary source 

q (r, 62, E )  = 6 (r-ro)6 (R-hlo) 6 (E-EO), i . e . ,  from a point unidirect ional  

s ingle  energy source. Designating it by Jo we obtain
P' 

J;(ro, Po,E,) = $ drdPdEG(r ,  51, E ;  ro, Po,E o ) p ( r ,P, E ) ,  (3 )  

where G (r, hl, E; ro, hlo, Eo) i s  the Green function of the k ine t i c  equation 

(l), i .e. ,  the rad ia t ion  flux a t  the point r with the  veloci ty  d i rec t ion  n 
and energy E from a point unidirect ional  s ingle  energy source s i tua ted  a t  
the  point ro.with a beam di rec t ion  no and energy Eo. L e t  us c a l l  r, hl, E the 

variables a t  the  observation point,  and ro, no, Eo the  source var iables .  

G (r, R, E; ro, no, Eo) i s  determined a s  the  solut ion of the following k ine t i c  
equation 

LG(r, 51, E ;  ro, Po,E~)=~(~--O)~(P--O)~(�--O). 
(4) 


The quantity Jo (r
0' 0' 

E
0 

) as w e l l  as the f l u x  from the  elementary source 
p 

G (r, hl, E; ro, no, E0 ) depend parametrically on the  source variables ro, no, 

and E
0 which are contained i n  the  r igh t  s ide of  equation iden t i f i ed  as (4) .  W e  

note t h a t  i n  the equations (1)and (4)  the  independent var iables  are the  
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variables a t  the observation point .  W e  s h a l l  agree t o  consider ro, no, E
0 i n  

0 0expression (3)  as independent var iables .  Then Jp (ro, no, Eo) = Jp (r, 0, E)  

as a function of the source var iables  is  nothing more than the  value of the 
physical quantity JP when an elementary source with a beam di rec t ion  52 and 

energy E i s  s i tua ted  a t  point r. 

According t o  the pr inciple  of radiat ion superposition the  value of t he  
physical quantity J

P 
due t o  the  a r b i t r a r i l y  d is t r ibu ted  sources q (r, n, E )  i s  

equal t o  the t o t a l  value of the physical quant i t ies  from a l l  elementary 
sources, i .e., 

J ,  = $ d r  dQ dE J ;  (r, 52, E )  q (r,  Q, E ) .  ( 5 )  

Let us show t h a t  J	0 (r, n, E )  as a function of  source var iables  s a t i s f i e s  theP 

conjugate k ine t i c  equation whose r igh t  side i s  equal. t o  p (r, 0,  E ) .  W e  s h a l l  
proceed i n  the following manner. We write down the  conjugate k ine t ic  equation 
i n  operational form with i t s  r igh t  side equal t o  

L'F' (r, P, E )  =p (r, Q, E ) .  ( 6 )  

The conjugate operator of the  k ine t ic  equation L+ may be obtained from L 
by determining the  conjugate nature of the l i n e a r  operators 

5 dr dQ d E  F' (r, 52, E )  LG Ir ,  52, E ;  ro, Po,EO)= 

= 5 dr dQ dE G (r,  P, E ;  To, 520, E o )  L'F' (r ,  Q, E ) .  
( 7 )  

According t o  (6 )  the expression (3 )  f o r  J0 
(ro, ha0' 

Eo) may be rewri t ten i n  
the following form P 

-

from the conjugate property (7) it is equal t o  
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5 drdQdEF' (r, 9 .  I:)-LG (r, St ,  E ;  ro, Qo, EO), 

so t h a t  by using expression (4)  we obtain 

[ drdQdEF' ( r ,  Q, E )  S(r -ro) 6 (Q -90) 6 ( E - EO), 

which, from the  determination of the 6-function i s  equal t o  Ff (ro, no, Eo).
We have obtained t h e  following 

It i s  obvious that equa.lity (8) i s  va l id  f o r  any values ro, Q0, Eo. Conse

quently we maintain t h a t  Jo (r ,  ha, E )  as a function of the source var iables ,Psatisfies the conjugate k ine t i c  equation (6), i .e ., 

According t o  the  accepted terminology ( r e f s .  1 -4)  F+ (r ,  62, E )  i s  the value 
with respect t o  the  l i n e a r  functional of t he  flux J

P 
. Actually the value with 

respect t o  the  given physical quantity is  nothing more than the  value of  t h i s  

0quantity Jp (r, 62, E )  F+ (r ,  62, E )  when the  elementary source r with beam 

di rec t ion  ha and energy E i s  s i tua ted  a t  point r .  

In  the  conjugate k i n e t i c  equation (6)  the  independent var iables  are the 
source variables;  the variable observation points  may en ter  parametrically 
i n t o  the r igh t  side of the  equation with the corresponding form of  the func
t i o n  p (r ,  62, E ) .  For example, i n  the case of the  e n t i r e  radiat ion f lux  a t  
an a r b i t r a r i l y  f ixed point r '  with energy E '  from an elementary source, t he  
r igh t  side of equation (6)  p (r, 62, E; r ' ,  E ' )  = 6 ( r - r ' )  6 ( E - E ' )  and con
sequently, the  solut ion F+ (r, 62, E; r r ,  E ' )  i t se l f  dependsparametrically on 
the  var iables  r '  and E '  of the  observation poin t .  According t o  (9),expression
( 5 )  may be wri t ten i n  the following manner 

On the other hand, according t o  equation ( 2 )  
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J,= s F ( r ,  8, E ) p ( r ,  8, E ) d r d Q d E .  

Comparing expressions (2)  and (10) we obtain 

J, = s F (r, 8,E )  p (r, 8,  E) dr  d 8  d E  = 

= $ d r  d 8  d E  F' (r, 8, E )  q ( r ,  9 ,E ) ,  

i .e. ,  the value of the  physical quantity Jp f o r  the a r b i t r a r i l y  d is t r ibu ted  

q (r, 0, E)  i s  equal t o  the  value of the  same quantity J	0 (r, n, E) E F+ (r, R,P 

E)  fo r  an elementary source, multiplied by the  d is t r ibu t ion  of sources q (r, 0, 
E)  and integrated over a l l  source var iables .  From the physical standpoint 
equal i ty  (11)r e f l e c t s  the  pr inc ip le  of rad ia t ion  superposit ion.  Equality (11) 
may be of grea t  p rac t i ca l  value i n  computing the physical quantity Jp. Fre

quently the solut ion of the  k ine t i c  equation (1)i s  associated with substan
t i a l  mathematical d i f f i c u l t i e s ,  and i n  order t o  f ind  the quant i t ies  J

P 
it 

becomes much more convenient t o  solve the  conjugate k ine t i c  equation (6) and 
then t o  u t i l i z e  equal i ty  (11). Below, as an example, w e  consider the three-
dimensional d i s t r ibu t ion  of neutrons i n  an i n f i n i t e  homogeneous medium pro
duced by a point unidirect ional  source. For t h i s  case we carry out de ta i led  
calculat ions since the  problem i s  of i n t e r e s t  by i t se l f .  

Three-dimensional Distr ibut ion of Neutrons i n  an I n f i n i t e  
Homogeneous Medium Due t o  a Point Unidirectional Source 

L e t  us consider the three-dimensional d i s t r ibu t ion  of neutrons i n  an in
f i n i t e  homogeneous medium from a point unidirect ional  monoenergetic source. 
W e  present the solut ion i n  a s ingle  veloci ty  approximation. The k ine t i c  equa
t ion  fo r  the t ransport  of neutrons w i l l  then have the form 

where G (r, n; rO , Sao) .is the  f l u x  of neutrons a t  point r with veloci ty  direc

t i o n  0 from an elementary source , - s i tua ted  a t  point ro with beam di rec t ion  no; 

Cs i s  the macroscopic sca t te r ing  cross section; C i s  the t o t a l  macroscopic 

cross section; f (0 '  + n) i s  the  relative probabi l i ty  f o r  the  var ia t ion  i n  the 
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neutron veloci ty  d i rec t ion  from h 2 I  t o  as a r e s u l t  of co l l i s ion .  The quantity 
f ( a !  -, n) depends only on k0 = (orn), the  cosine of the angle between direc
t ions  n' and h2, and consequently has the  property of symmetry with respect t o  
the subs t i tu t ion  ha' and ha, i .e . ,  

f (8 ' ->8)=f(8-4' ) .  
(13) 

W e  are in te res ted  i n  the three-dimensional d i s t r ibu t ion  of neutrons,. L e t  us 
consider the e n t i r e  rad ia t ion  f l u x  a t  an a r b i t r a r i l y  f ixed point r '  from an. 
elementary source s i tua ted  a t  point ro with b e a m  d i rec t ion  no, i . e . ,  the  
quantity equal t o  

J&r-re)  (ro,51,; r'> = 

8;ro, 9,)d (I'-r') d r  d 8  = Go(r'; ro, 8,). 

According t o  expression (9) the e n t i r e  f l u x  a t  point r '  from an elementary 
source Go ( r l ;  ro, no) as a function of the  source var iables  ro, no satisfies 

the conjugate k ine t i c  equation with an i so t ropic  r igh t  pa r t  equal t o  6 ( r - r ' ) ,  
i - e . ,  

Go (r'; :', 5 2 )  ~5F + ( r ,  51; r'), 

where Ff (r, 0 ;  r ' )  i s  the  solut ion o f  the  following equation 

L+F+(r ,J z ;  r ' )=6(r - -r ' ) .  

FC (r, h2; r l )  i s  the  e n t i r e  radiat ion flux at  point r '  from an elementary 
source s i tua ted  a t  point r with beam di rec t ion  hl. This i s  a function of source 
variables,  while the variable observation point r '  i s  considered a fixed pa
rameter i n  the r igh t  side of  the  conjugate equation (14).  

The k ine t ic  equation (12) contains the  independent var iables  as the  /34
variables  of t he  observation point and contains the  source variables as param
eters i n  the anisotropic  r i g h t  s ide of the equation. A d i r e c t  solut ion of 
equation (12) i s  associated with mathematical d i f f i c u l t i e s  which occur due t o  
the r e l a t ive ly  la rge  number of var iables:  the s ing le  d i r ec t iona l i t y  of the 
source leads t o  a three-dimensional re la t ionship with cy l indr ica l  asymmetry, 
i .e., it gives two three-dimensional coordinates. The var ia t ion  i n  the neutron 
flux with the veloci ty  d i rec t ion  gives two more variables--two angles. Thus 
the f l u x  G (r, 0; ro, h20 ) depends on four variables,  which subs tan t ia l ly  com
p l i ca t e s  the  calculat ions.  

I n  the  conjugate k ine t i c  equation (14) the independent variables are the  
source variables,  while the  variable observation point r '  i s  contained as a 
parameter i n  the  r i g h t  side of the equation. The i so t ropic  property of the 
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right side of t h i s  equation leads t o  a solution having a spherical  symmetry, 
which subs tan t ia l ly  s implif ies  the calculations.  

L e t  us determine the  form o f  t he  conjugate operator L+ from conditio0 (7) .  
L e t  us consider t he  expression 

W e  w r i t e  the  operator L i n  e x p l i c i t  form u t i l i z i n g  expression (12) 

s dr d&t F' (r, Q;  I-') (QV) G ( r ,  Q; ro,8,)+ 
-i-X s d r d Q F ' ( r ,  8;r ' )G(r,  $2; ro,&to)

-& 5 d r d B F + ( r ,  &t; r') 5 dQ'G(r, 8';ro, & t , ) f ( Q ' - > S k ) .  

L e t  us consider the  following in t eg ra l  

According t o  the Gauss-Ostrogradskiy theorem it i s  equal t o  

I f  sources are  absent a t  i n f i n i t y ,  t h i s  i n t eg ra l  i s  equal t o  zero, because 
from the  physical meaning of F+ (r ,  0 ;  r ' )  and G (r ,  hl; ro, Qo) it follows 
t h a t  on the surface of a sphere with i n f i n i t e  radius 

while 

Thus 

$ dr (QV) F' (r, 8;r') G (r, 8;ro,8,)= s dr  F' (r, 62;  r') (QV) G(r, 8;r,,, 8,)+ 
4 $ dr G ( r ,  8;ro,8,)(QV)  F' (r, 8;  r') =0. 

Consequently the first term of expression (15) may be wri t ten i n  the follow
ing m a n n e r  
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5 d Q d r F + ( r ,  52; r ' ) ( Q V ) G ( r ,  52; rO,Qo)=  

='- s dr  dQ G ( r ,  Q; ro, Po)(QV) F' ( r ,  9;r ' ) .  

If we replace the order of in tegra t ion  over the angles i n  the t h i r d  term of &j 
expression (l5), we obtain 

-2, 5 dr \ d Q F ' ( r , Q ;  r') \ d Q ' C ( r ,  Q'; ro,Q,-,)f(9'-->Q)= 

= -I& 1d r  \c d Q ' G ( r ,  52'; m, Qo) 1d Q F ' ( r ,  52; r ' ) f (Q'->Q);  

taking i n t o  account the synrmetric propert ies  of the function f (nf + n) (l3), 
w e  have 

-2, 5 dr s dSa' G (r, 52'; ro, 52,) 5 clQ F' (r, 51; r ' )  f (Sa -> Q); 

i f  f o r  convenience we redesignate the var iables  of in tegra t ion  respectively,  
we obtain 

Taking in to  account (16) and (l7),we can rewrite expression (1-5)i n  t he  fo l 
lowing manner 

According t o  (7) it i s  equal t o  

1drdSaG(r ,  Q; rO,Q o ) L ' F ' ( r ,  Q; r'). 

Consequently the  conjugate k ine t i c  equation (14) has the  form 
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--grad F " ( r ,  12; r ' )+XF+(r ,  51; r')

-& \ d Q ' F ' ( r ,  52'; r')f(52'--rQ)=6(r-rr'). 

It i s  obvious physically t h a t  the  e n t i r e  f l u x  G0 ( r ' ;  r, 629 E F f  (r, hl; r') 

depends only on two var iables:  on the  sca t te r ing  from an a r b i t r a r i l y  fixed 
point r '  t o  the source, i . e . ,  R = I r - r ' /  and on the  angle between the beam 
direct ion 62 and the  s t r a i g h t  l i n e  which.connects point r '  t o  the source. 

Consequently, i n  solving the  conjugate k ine t i c  equation (18) it i s  con
venient t o  transform t o  a spherical  system of coordinates l e t t i n g  R = r-r ' .  
Equation (18), which is  integrated over the azimuth angle cp, w i l l  then have the 
following form 

where 

The mathematical re la t ionship  between F f  and p follows from the very form of 
the conjugate k ine t ic  operator Lf, while the relat ionship between Ff and R i s  
due t o  the i so t ropic  property of the r i g h t  side of conjugate equation (18). 

W e  note t h a t  due t o  the reciprocal  propert ies  of the  problem the conjugate 
operator L+ i n  the considered s ingle  veloci ty  approximation d i f f e r s  from L 
only i n  the sign before the f i r s t  t e r m  QVF. Therefore, the establishment of 
the e n t i r e  f l u x  produced by the elementary source, i . e . ,  the solution of con
jugate equation (14), i s  equivalent mathematically t o  the establishment of 
the three-dimensional angular d i s t r ibu t ion  of radiat ion from an isotropic  
source fo r  the basic k ine t i c  equation. 

Solution of the Conjugate Equation by the  
Method of Moments 

The solut ion of the  problem f o r  a point i so t ropic  source may be achieved 
by various methods. The problem on the  d i s t r ibu t ion  of the e n t i r e  flux from 
a point i so t ropic  source i s  solved by the  method of Laplace transformation i n  
the case when the  sca t te r ing  ind ica t r ix  i s  represented i n  a simple form, f o r  

1 1
example, i n  the  form f (p ) = - ( re f .  5 )  or f (po) = - (1

0 4n 4n 
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-

po i s  the  mean cosine of the sca t te r ing  angle ( ref .  6 ) .  The angular d i s t r ibu 

t i o n  of t h e  f l u x  i n  t h i s  case remains constant. 


The method of spherical  harmonics gives the  solut ion of t he  problem i n  a 
general  form; however, i n  t he  first place, it does not produce a correct  be
havior of the  flux near the  source and along a l l  dis tances  i n  the d i rec t ion  
p -'-1, and it converges poorly when absorption i n  the  medium i s  high ( ref .  7 ) .  

The improvement of the method of spherical  harmonics by the  introduction 
of s ingu la r i t i e s  at R * 0 and p -1 (ref .  8) with a subsequent solut ion of the 
equations of spherical  harmonics gives a sa t i s f ac to ry  descr ipt ion of the f lux  
near t he  source a l so  when p - -1, but apparently a t  great  dis tances  from the 
source it will hardly y i e ld  good convergence when we have a medium with high 
absorption. 

In  addition, ana ly t ica l  methods of solving the  problem of the type indi
cated above are  hardly expedient fo r  the  solut ion of more complex problems with 
moderation--in the case of multiple group consideration. 

The numerical methods of solving the problem i n  question, f o r  example the  
S, method ( ref .  9 )  and similar methods used by Sh. S. Nikolayshvili ( r e f .  lo), 
whose application i s  feas ib le  a t  s m a l l  distances,  have not been investigated 
t o  date from the point of view of t h e i r  convergence a t  various (not only s m a l l ,  
but l a rge)  distances from the source. 

Therefore it i s  expedient t o  consider t h i s  problem by means of the  well-
known semianalytical method of moments ( ref .  ll), which i s  used with equal 
success both i n  a s ingle  veloci ty  as w e l l  as i n  a multiple veloci ty  problem 
and which takes in to  account the nonisotropic scat ter ing,  e t c .  It i s  known 
t h a t  the methodology which i s  usual ly  used does not make it possible t o  obtain 
d is t r ibu t ions  a t  s m a l l  d is tances  from the  source. However, t h i s  can be cor
rected by i so l a t ing  the  s ingu la r i t i e s  i n  the  solution, as done i n  reference 8. 
I n  t h i s  case the  difference w i l l  consis t  bas ica l ly  of the f a c t  t h a t  after iso
l a t i n g  the s ingu la r i t i e s  the  method of moments r a the r  than the  method of spheri
c a l  harmonics i s  used. 

fL e t  us expand F (R, p )  and f ( p '  + p )  i n  terms of the  Legendre polynomials 

r n  

where po = ( h x a l ) .  We subs t i t u t e  expansion (20) and ( U )  i n t o  equation (lg), 

taking in to  account the  propert ies  of the Legendre polynomials 
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41t 
j' m n  '1 = 21 + 1 6 In (where 6 t n  i s  the Kroenecker symbol) 'and the 

2fi 
f a c t  t h a t  the  in tegra l  over dcp' of cos m ( c p - c p l )  i s  equal t o  zero, i .e . ,  dcp' 

0 
cos m (cp-cp' )  = 0 .  Then i n  place of (19) we obtain the  following equation 

Multiplying t h i s  equation by P t (p )  and integrat ing over dn, w e  obtain a system 

of d i f f e r e n t i a l  equations f o r  F i  ( R )  

n + l R nMultiplying equation (22) by C - and integrat ing over the e n t i r e  volume,
n! 

we obtain a system of algebraic equations for the moments b 
1,n 

where b are the  three-dimensional angular moments fo r  the neutron f l u x  
t,n 
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Here (L-hft i s  the  designation f o r  the  operator i n  the  l e f t  s ide  of (23); 

c *  It i s  easy t o  see t h a t  the  system of equations (23) determines onlyh =  cs 

those moments bl ,n  for which 1 5 n and the  indices 1 and n have the  same pa r i ty .  

The neutron f l u x  F+ (R, p) may be represented as a sum 

F + ( R ,  p)=F'-'O'(R, p ) - tF+( l ' (R ,p ) + F + ( R ,  p), (25) 
4

where F+(O), F f ( l ) ,  F are functions which describe the  f l u x  of nonscattered 
neutrons, s ingly sca t te red  neutrons and multiply sca t te red  neutrons, respec

t ive ly .  It i s  known t h a t  the fluxes of nonscattered neutrons F + ( O )  and s ingly 

sca t te red  neutrons F + ( l )  have s ingu la r i t i e s  with respect t o  R near zero and 
with respect t o  p near -1. 

-+The doubly sca t te red  neutrons F+(2) which are contained i n  the  F f lux  
a l so  have a s ingulgr i ty ,  but t h i s  s ingu la r i ty  i s  su f f i c i en t ly  weak (logarithmic) 
(ref. 8), s o  t h a t  F+ may be looked upon as a %mooth" function. The var ia t ion 

i n  f luxes F'(O) and F+(') as a function of the coordinate has the  form (see, 
f o r  example, ref.  8) 

where po = cos eo; �loi s  the sca t te r ing  angle. 

If we assume t h a t  angle 8 i s  s m a l l  and t h a t  ZR J1 -p  2 << 1, the expres- /38 
sion f o r  F+(') ( R ,  p) leads t o  

where 

r igh t  pa r t  of expression F+(') ( R , p )  should be multiplied by 41-r. Formulas 
( 2 7 ) ,  (34), (41) 2nd (70)  change correspondingly. Then f o r  h 5 0.9 expression
(33) can 1TaY t o  b2,n < 0. In  t h i s  case we m u s t  be s a t i s f i e d  with s a ra t ion  
only of F+ ( R , p )  or i n  other words describe the  relat ionship F+(les: (R,  p) . 
Making formula (70)precise  does not l ead  t o  la rge  changes i n  calculat ion re
sults, because the  moments of function (70)  correspond t o  the  actual.. 
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Then the f l u x  of s ingly scat tered neutrons F + ( l ) ( R ,  p)  may be represented as a 

sum of the  i so la ted  s ingular i ty  F+(l)* (R, p)  of a su f f i c i en t ly  'tsmooth" residue 

Thus the t o t a l  f l u x  may be expressed as a sum 

where 

A s  a r e s u l t  of t h i s  the flux i s  separated in to  a pa r t  (F + F+(l)*), 
+

which has a s ingular i ty  f o r  R -+ 0, ~1 4 -1 and a "smooth" pa r t  @ (R ,  p )  with a 
r e l a t ive ly  weak s ingular i ty .  

L e t  us determine the moments of functions F+(O) , F+('), F+ from system 

(23).  It i s  obvious t h a t  F - ho, F+(l) - h l ,  7- h2 and t h a t  the moments 
of these functions depend on h, i . e . ,  they may be represented i n  the f o r m  

Subst i tut ing (3)i n to  equation (23) we obtain a system o f  equations 

By carrying out a successive solut ion of system (32) w e  can obtain the  three
hl 

dimensional angular moments b(O) = (-1)'; b('); b 
l ,n 

. Uti l iz ing  the  values
l,n l,n 
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b("% and the  moments b(I)* of the function I?+(')* (R, p)  and a l so  the addi
t,n t ,n t,n 

tive property of the moments, we can obtain, i n  accordance with (28) and (29a), 

the  values of the  moments of the  function @ 
+ 

(R, p)
l,n 

where 

To rees tab l i sh  the angular moments of the function g+ (R, p)  we u t i l i z e  
the following convenient approximation form, analogous t o  the  one described & 
i n  reference 12 

The parameters A t ,  v t ,  5 are selected from the conditions t h a t  the f irst  

three moments (of the same pa r i ty )  with n = 1 ,  1 + 2, 1 + 4 of approximation 

( 3 3 )  coincide with the establ ished values of the corresponding moments 6, 9n 

where 

W 


r (v )  = \ xV-.'c-"dx-y-function of E u l e r .  
b 

Some d i f f i c u l t i e s  are encountered i n  the reestablishment of the angular 
re la t ionship f r o m  the known angular moments. The expansion of the f lux  i n  terms 
of  spherical  harmonics (20) does not converge too w e l l ,  even a f t e r  i so la t ing  
the nonscattered, s ingly scat tered and doubly sca t te red  neutrons, par t icu lar ly  



-- 

when the  capture i s  s t rong.  For example, during the  i so t ropic  sca t t e r ing  t h e  
asymptotic angular d i s t r i b u t i o n  i s  described r a the r  c r i t i c a l l y  (when h < 0.5)  

by a varying function of the  form (1+ W )-1, because i n  t h i s  case k = 1-2e -2/h 
The poor convergence of t he  series requi res  t h a t  we take i n t o  account a l a r g e  
number of i t s  terms, i .e ., we must know a l a rge  number of  angular moments F1. 

I n  t h i s  connection it i s  not helpful  even t o  know the  exact values of  the f i r s t  
moments. Apparently w e  must seek an escape, as i n  t h e  case when the  three-
dimensional re la t ionship  i s  reestablished from the  three-dimensional moments, 
spec i f i ca l ly  by u t i l i z i n g  t h e  approximation equations with parameters which 

+ can be expressed i n  t e r m s  of t he  values g 1  ( R )  = 2rr @+ (R, p )  P1 ( p )  W .  

L e t  us s e l ec t  t he  form of the  approximation equation which i s  similar t o  the  
asymptotic so lu t ion  f o r  a s ingle  ve loc i ty  problem (see (53))  

where Cy ( R ) ,  k ( R ) ,  pm ( R )  are parameters se lec ted  from the  conditions t h a t  t he  

f i r s t  (m* + 2) angular moments of  approximation (37) coincide with the  estab
l i shed  values of t he  moments (35). 

I n  the approximation with respect  t o  two angular moments (“A = 0)  the  

function @+ (R,  p )  i s  expressed i n  the  following manner 

~ ____@+(R,I ( ) = =  	 - I-..--( R ) - k  ( R )  ( R )  
In 1 -1-k ( R )  

where k ( R )  i s  determined from the  transcendental equation 

h#J( k )= 2k 
I + - k  * 

I l l - - -I-k 


The graphs of t he  function ho (k )  and cp
1 (k )  are shown i n  igure 1. 

In  the  approximation u t i l i z i n g  the  th ree  angular moments (m* = 1) /4q 

(39) 
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Figure 1. Graph of functions ho(k), v1(k) and Q(k) f o r  de

termining roots  of transcendental  equations (38) and (40) .  

where k(R) i s  determined from the  transcendental equation 

The graph of function Ql(k) i s  a l s o  shown i n  figure 1. The f i n d  expres
s ion f o r  t he  f lux  of neutrons, when using an approximation i n  terms of the 
three angular moments, has the  form 

Asymptotic Behavior of the  Ent i re  Flux 

A t  large distances from a point source (CR >> 1)the  angular d i s t r ibu t ion  
of the  neutron flux m u s t  coincide with the  case when we have a plane source. 
Thus, f o r  t he  problem considered i n  the present work we can write the asymptot
i c  expression f o r  the e n t i r e  f lux  i n  the  form 

where k' i s  some constant, while Q ( p )  i s  determined 



-- 

._. _ _  .- .... . .... . --- .. . . . .. . ...- . 

Subst i tut ing equation (42) i n t o  (43), dividing the  resu l tan t  equa- /41
t i o n  by c and noting t h a t  CR >> 1, we obtain 

(D(P)=--, /,,;,., '* j i:bb'(!) (ii')f (p' -> p), (44) 

where k = k'/C. L e t  us expand f ( p l  * p )  i n  a series of  Legendre polynomials 
(21) and subs t i tu te  t h i s  expansion in to  equation (44). In  t h i s  manner we obtain 

+1 

where @ 1  = 2x dp '@(p ' )  P t ( p l ) .  Integrat ing expression (23) over dp'l we 

-1 

obtain 

W e  express d l  i n  terms of go, 

i . e . ,  (i+=clq-,. ( 4 6 )  

To do t h i s  we re turn  t o  equation (44)  and rewrite it i n  the  following form 

z (1 +kp)(1)(p) ;= E., d" (p') f (p' 3p). (47) 

W e  expand @ ( p )  i n  t e r m s  of the  Legendre polynomials 

W) 

2f1-I- I(1) (p)= y * . I n- P,, (11). 
71-0 

Subst i tut ing expansions (21) and (48) in to  equation (47), we obtain 

W e  multiply expression (49) by P l ( p ) ,  integrate  over dp and divide by @ . 
In  t h i s  manner we obtain 

kZ 21-+ I Cr-1 i- I - t l1 I z x  -21Ti-Cl+i+&Cl= 0, ( 5 0 )  
where 
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From system (50) we successively determine all C1, beginning with Co = 1, 
and fur ther  for 1 > 0 

Taking in to  account (a),subs t i tu t ing  the establ ished values of C1 (51) i n t o  
(45) and breaking off  t he  series at  the  m-th term, we obtain a transcendental 
equation which can be used t o  determine k 

. -
where y i ( k ) =  s =dpPl (I4 . It follows from equation (44) t h a t  the  angular /42 

- 1  
asymptotic property of t he  function F i s ( R ,  p) i s  proportional t o  (1+ kp) -1 , 
where k i s  determined by transcendental equation (52) and depends on h = cs/C 
and on the  harmonics of t he  sca t t e r ing  ind ica t r ix  fi. 

Thus the asymptotic behavior of the  e n t i r e  f l u x  i s  determined by the 
expression 

I	 . 

l = O  

To determine k and CL i n  expression (53) it i s  more convenient t o  u t i l i z e  

the  results obtained i n  the  solut ion of equation (42) i n  the  PL approximation, 

i .e . ,  by taking in to  account a l l  C1 when 1 << L i n  the system of equations ( 5 0 ) .  

Then the  i n f i n i t e  system of  homogeneous equations ( 5 0 )  i s  transformed in to  a 
f i n i t e  system with nonzero solutions under the  following condition 

20 l z r ,  0 0 . . 0 0 
2 I3-kX XI -3-kZ 0 . . 0 0 I 

where AL( ) i s  the  de,%minant of the  system. 

By expanding AL(k) i n  terms of the  elements of t he  l as t  column w e  obtain a 

recurrent equation f o r  AL( k)  
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The smallest.posi t ive root Gin of equation (54), which determines the  asymp

t o t i c  behavior of  t h e  flux i n  various approximations PL, w i l l  be equal t o  

Correspondingly 

I 
I 

Thus the u t i l i z a t i o n  of equations (54-57) es tab l i shes  the  asymptotic be
havior of f l ux  (53) with an accuracy determined by the quantity Go, which is  

determined by the source term dropped i n  equation (42) when CR >> 1. In  the  
case of a point source the  solut ion i s  ra ther  complicated. Therefore we s h a l l  
make use of the  well-known solut ion for a plane i so t ropic  source i n  an i n f i n i t e  
homogeneous medium (refs. 1 3  and 14)  and the Marshak theorwn (ref.  7),  which 
associates  the  solution of the  problem for a point and plane i so t ropic  neutron 
source i n  an i n f i n i t e  medium, 

55 




il
i 

I r d  
F; ( R )= -= F6 (2)3 jZ& ( 5 8 )  

Then according t o  references 13  and 1 4  and according t o  equations (43) and ( 5 8 )  

where ArL(k) i s  a der ivat ive with respect t o  k' = G of the  determinant of sys

t e m  (54), and knis determined from condition (54), while 

1 /zz: 0 0' . . 0 0 

0 xi ;-/a 0 . 0 0 
30 ;-/zz z, -5kX . . 0 0 

A i  (k)= 
I . 

L- 1 
-..2L---1 /zz &,-i -__kX2L- I 

0 0 0 0 . 0 2 j 7 7  /zz zt 

The determinant g ( k )  s a t i s f i e s  re la t ionship  ( 5 5 )  when L 2 3, and when 
L = 1 and L = 2 

A s  a r e s u l t  of t h i s ,  according t o  equation ( 5 9 ) ,  

Distr ibut ion of Fast  Neutrons i n  Iron /44 
The solut ion of the s ingle  veloci ty  problem presented i n  the present work 

may be applied t o  determine the neutron detector  count f o r  a medium consisting 
of heavy nuclei ,  i n  the general case with a variable energy sens i t i v i ty  of the 
detector  aD(E ) .  



The k ine t i c  equation for  the neutron f lux  (19)with energy E i n  the  case 
of a source with a f i s s ion  spectrum X(E) of power Qo, and under conditions 

where there  i s  good j u s t i f i c a t i o n , f o r  assuming t h a t  t he  i n e l a s t i c  sca t te r ing  i s  
isotropic ,  may be wri t ten i n  the form 

where f(pO, E ' ,  E )  i s  the sca t te r ing  ind ica t r ix  which, i n  the g e n e r d  case, de

pends on the energy; Cel and Cin are  the cross section f o r  e l a s t i c  and i n e l a s t i c  

sca t te r ing  , re spectively . 
When equation (61) i s  multiplied by the  effectiveness of the detector aD(E) 

and subsequently integrated over the energy and expanded i n  terms of the  Legendre 
polynomial, it i s  reduced t o  the  following i n f i n i t e  system of equations 

where 

I t  
.L 0 
n 

while the subscript  D represents t he  cross section which i s  averaged out over 
the neutron spectrum and detector  s ens i t i v i ty .  For example, 
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By introducing the  concept of the  cross  sect ion f o r  removal from the re
gion of detector  s ens i t i v i ty ,  we have 

U> m 

01)( E )  Xi, (E )  F'f ( E )r f E - dE ( r l j  ( E )  1X i ,  (E' 3 E )  F'l (E') dE' 

&u, 
11 

in, I =  
0 - .  

OD 
_. I.: 

t 
(63).0 

( (r/)(4F + I ( E )dE 
0 

03 03 03 s G [ i ( E )~ e l ( ~ ? ) ~ + ~ ( � ) d E - - ~d � U / , ( E )  1X,l(E')fr(E'E)F+l(E')dE'
D O i, 0 ~

x y n ,  e l ,  1 OD

101, ( E )  F + f( E )dE 
U 

(YB = re (YBO,~)  = removal 

The system of equations (62) i s  reduced t o  a system of s ingle  veloci ty  equa
t ions  for N~(R): /45 

System (64) i s  iden t i ca l  t o  the  system of equations (22) for Ft, when the source 

Dpower is  Q S and when we replace Cs by (CD-Cre ) and C by CD, while replacing
0 ? O  

f t  with the quantity 

For the sake of s implici ty  i n  determining the cross sections a suf f ic ien t 

l y  high energy detector  Ale7  (n, Cr) Na24 was considered; the  e f fec t ive  threshold 
f o r  the f i s s i o n  spectrum i s  near 7 MeV (ref.  15). The energy relat ionship for 
the  sens i t i v i ty  of t h i s  detector  w a s  determined by u t i l i z i n g  data  presented i n  
references 16 and 17. 

Due t o  the  high threshold of t he  detector  most of the ine l a s t i ca l ly  scat
te red  neutrons are not detected.  These neutrons form a composite nucleus, 
which bas ica l ly  leads t o  low energy neutrons approximately (5  MeV).  .Due t o  the  
process of a d i r e c t  in te rac t ion  of the f a l l i n g  neutron with several  nucleons of 

- ..-- ...- , . .. , 



the  nucleus-target high energy neutrons are generated which f a l l  i n to  the  region 
of detector s ens i t i v i ty .  The cross  sect ion of t h i s  process (ref.  18) i s  approx
imately 10 percent of t h e  cross sect ion f o r  i n e l a s t i c  in te rac t ion  

CT:~ which i s  approximately equal t o  1.4 b f o r  i ron i n  the case of the  f i s s i o n  

spectrum. ( I n  t h i s  region the  cross  sect ion of i n e l a s t i c  in te rac t ion  i n  f a c t  
coincides with the  cross sect ion of i n e l a s t i c  sca t te r ing  due t o  the  smallness of 
the radiat ion capture e f f ec t s  (n, y )  and due t o  the reactions (n,  CY), (n, p )  and 
(n, 2n) ) .  Therefore the  cross sect ion f o r  i n e l a s t i c  removal under the threshold 

of s ens i t i v i ty  f o r  the  A127 (n, a) Na24 detector  may be assumed equal t o  crDr e J  i n  

= 1.26 + 0.14 b f o r  i ron.  This quantity i s  i n  in su f f i c i en t ly  good agreement 
with the experimental measurement of the  cross section f o r  i n e l a s t i c  removal 

under the  threshold of s e n s i t i v i t y  f o r  the  A127 (n, p )  M g27 detector  ( the  effec
t i v e  threshold a t  t he  f i s s ion  spectrum i s  approximately 4.6 MeV ( ref .  l5)), 
equal t o  1.20 f 0.09 b ( r e f .  19 ) .  Due t o  the absence of r e l i ab le  quant i ta t ive 
data  the  present work does not take in to  account the anisotropy i n  the direct ion 
ahead of the neutrons which are ine l a s t i ca l ly  scat tered during the process of 
d i r ec t  in te rac t ion .  Qualitative evaluations ( refs .  18 and 20) show a s l i gh t ly  
s m a l l e r  degree f o r  t h i s  anisotropy compared with the  anisotropy f o r  the e l a s t i c  
sca t te r ing  of neutrons. The e f f e c t  produced by t h i s  e r r o r  may be considered t o  
be suf f ic ien t ly  s m a l l .  

For the case of a median composed of heavy nuclei  the ind ica t r ix  of e l a s t i c  
moderation may be represented i n  the form (ref .  21) 

f k o ,  E',  E)=cpiyo, /:')6lE--E'g(po)], (66) 
2

where g (po)  = 1 - - (1 - po) ( M  i s  the mass of the sca t te r ing  nucleus);
M 

cp (Po, E ' )  i s  the angular d i s t r ibu t ion  of  the e l a s t i c a l l y  scat tered neutrons. 

If w e  subs t i t u t e the  $-harmonic f(po,  E ' ,  E )  equal t o  f t  (El, E )  = f(po, E', E) 

P1 (Po)  &lo in to  equation (63a), w e  obtain the t-th harmonic fo r  the section of 

D Dwhere oer = 1.96 + 0.06 b and c p r  ( the  values are  presented i n  tab le  1)represent 

the in tegra l  cross sect ion and the harmonics of the ind ica t r ix  for the  e l a s t i c  
scat ter ing,  which have been averaged out over the  sens i t i v i ty  of detector and 
over the neutron spectrum (by u t i l i z i n g  data  presented i n  references 20, 22 and 

2 D2 3 ) ;  5 = E (1 - cpl) i s  the  mean Logarithmic lo s s  of energy during the  e l a s t i c  

co l l i s ion  of a neutron with a nucleus of m a s s  M; A: is  a correction f o r  /46 
59 
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the  cross sect ion of e l a s t i c  removal taking in to  account the var ia t ion i n  the  
sens i t i v i ty  of t he  detector  as a function of neutron energy; i n  the case when 
we have a l i n e a r  law,goveming the  var ia t ion  o f  s e n s i t i v i t y  (beginning with 
some threshold energy ET) 

UIJ( E )=0;)( E  -ET) ,  (68) 

This correction i s  expressed i n  the form 
?D 

The magnitude of t h i s  correction i s  su f f i c i en t ly  s m a l l  compared with t h e  cross 
section of e l a s t i c  removal (approximately 4 percent) .  Finally,  the problem of 

determining the  AI27 (n, Cy) Na24 neutron detector  count i n  i ron  (ET - 6 MeV; 

a,, 0.018 b/MeV) i s  reduced t o  the  equivalent s ingle  velocity problem with 

parameters CTt o t  = 3.39 f 0.15 b ( u t i l i z i n g  the  data  presented i n  ref.  23); 

Os = 2,06 f 0.21 b and using harmonics f r ,  whose values are presented i n  tab le  

1. 

According t o  the  methodology described i n  sect ion 2, by u t i l i z i n g  the  con

s t a n t s  described above we determine the  moments b 
t,n 

by means of equation (33), 

and from these we determine the charac te r i s t ics  of the angular moments A t ,  vl, 
6, (36) ( tab le  2 ) .  

According t o  equations (35) and (41) the reading of a detector  i n  an in
f i n i t e l y  homogeneous mass of i ron  (when u t i l i z i n g  the  three moment approxima
t i o n  of equation (39) f o r  the angular re la t ionship) ,  when a point unidirection 
source of.neutrons with un i t  power i s  placed in to  t h i s  medium, may be wri t ten 
i n  the following form i n  terms of source var iables  (R,  b)  

where the two las t  terms should be taken in to  account fo r  those values of ZR 
when the last term is posit ive,  i . e . ,  when CR 2 2, while k (CR) is  determined 
from (40) and ho(k) and yl(k) are  determined from (38) or from the  graph i n  

figure 1. 
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TABLE 1. CROSS SECTION O F  REMOVAL UNDER THE THRESHOLD OF SENSITIVITY 


FOR A127 (n, (r) Na24. 

1 D 
'P, I f'Z 

1.000 f 0.085 1.000 f 0.224 
0.828 f 0.085 0.774 f 0.173 

0.545 0.013 
0.396 * 0.012 

0.687 f 0.014 

~ 

0.645 0.145 
o .515 * 0.117 
0.378 * 0.086 

0.256 f 0.004 0.250 f 0.056 
0.163 f 0.001 I 0.164 f 0.037 

-

1.330 f'0.202 
1.795 f 0.273 
2.062 f 0.243 
2.330 f 0.277 
2.612 f 0 . 9 6  
2.876 f 0.336 
3.053 f 0.357 

-

TABLE 2. CHARACTERISTICS OF TRE A" MOMENTS. 

V 1 
-

0.03247 0.1198 0.6158 
0.03863 -0.1327 0.6037 
0 -03945 -0 a 2727 0.6052 

-. .-

The work of V. P. Mashkovich and S. G. Tsypin ( r e f .  25) describes an /47
experiment on the measurement of fast  f i s s i o n  neutrons by means of the  

A127 (n, CY) Na24 de tec tor  i n  an i ron  prism (y = 7.86 gm/cm3) from a unidirec
t i o n a l  rad ia t ing  d i s k  with radius  a -12 .5  cm ly ing  i n  the  plane Z = 0. I n  
t h i s  case we can neglect the  e f f e c t s  produced by t h e  f i n i t e  dimensions of  the 
prism (approximately 38 X 39 X 54 mean f r ee  path lengths)  and of t he  de tec tor  
(less than 2 percent of t he  r ad ia t ing  diskoarea) ,  as w e l l  as the angular diver
gence of the  neutron beam (approximately 5 ) .  

Taking i n t o  account equation (70) and the  weak re la t ionship  k(R) when 
CR > 1, the contribution by the sca t te red  p a r t  of the  rad ia t ion  (character ized 
by expression (70) withtheexcept ion of the  f i r s t  term, from each source poin t  
with coordinates Z = 0, x, cp (x i s  the  dis tance of the  point  from the  center of 
the  source; cp i s  the  azimuth angle) ,  and the  readings of  the detector  which i s  
s i tua ted  i n  the Z plane a t  a dis tance H from the beam axis, when cp = 0 and 
Icll =i 0.7, may be wr i t ten  as 

. - ~ 

because R = J'Z 2 + H ' 2 ,  where H I  (x, cp) = /H2-2H x cos c p ' f  x2. 
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Finally,  the  reading of the detector  with coordinates (Z, H)  per  un i t  area of 
the rad ia t ing  d isk  withradius  a may be represented i n  the  form 

When Z >> HI, by u t i l i z i n g  (35) expression (71) may be transformed i n  the  
following manner 

Along the ax is  of the rad ia t ing  disk, i .e. ,  when H = 0 and Z >> a, noting 
t h a t  k 4 1, we obtain t h e  following f o r  the detector  count (72) 

OD 
e-xt

function En(x) = -d t .  
1 tn 

A t  short  distances when E2 2, according t o  the remark per ta ining t o  /48
equation ( T O ) ,  it i s  su f f i c i en t  t o  consider o n l y  the  f i rs t  two terms i n  expres
sion (73). 

The u t i l i z a t i o n  of t he  asymptotic solut ion (53) when the  neutron flux i s  
represented, s i m i l a r  t o  equation ( 2 9 )  i n  the form 

F+ (R ,p) N : t i c !  (rt,El) -;- F;,(R, p) (74) 

(subscr ipt  as = asymptotic) 

leads t o  ,the following equation for the  detector  reading on the  beam axis  
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where y(x) represents a function 

while the expressions f o r  quant i t ies  k, *o, C 1  i n  various Pl-approximations are 

presented i n  the preceding section. 

Figure 2 makes a comparison of the experimental data  presented i n  refer
ence 25 with the results calculated by means of equations (73) and (75) for the 
detector  readings on the  b e a m  axis,  referred t o  the detector  count a t  the point 
C = 3.7 cm (H = 0)  which i s  c loses t  t o  the source. A s  w e  can see f r o m  t h i s  
graph the behavior of the f l u x  a t  large distances i s  described f a i r l y  accurately 

Figure 2.  Comparison of experimental and calculated data  
on readings of detector  i n  i ron  along ax is  of beam: 0, ex
perimental values; 1, results of calculations using three 
moments; 2-4, r e su l t s  of asymptotic solut ion i n  t h e  P1, p2and P3 approximations, respectively.  
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by an exponential function, i .e.,  by F - where Xr i s  some relaxat ion 
length. L e t  us compare the  relaxat ion lengths  of t he  neutron flux along the  
cent ra l  ray of the  beam corresponding t o  various curves i n  figure 2 ,  The ex

perimental result i s A,: = 5.7 f 0.3 cm; the result of calculat ions using the  

three moments i s  = 4.85 cm, i.e.,  it d i f f e r s  from A:" by approximately 15 
Ppercent; the result of the  asymptotic solut ion i s  = 3.8 cm; hr2 = 4.9 cm; 

hz3 = 5.1 cm, i .e. ,  it i s  described qui te  w e l l  by the  r e l a t i v e  var ia t ion  i n  the 

f l u x  with distance.  For the purpose of comparison w e  present the mean f ree  /49
path length of neutrons h = 3.50 f 0.17 cm. 

Let us consider the neutronflux d i s t r ibu t ion  outside the  cent ra l  ray of  
the  beam. Figure 3 shows the d is t r ibu t ion  of the e n t i r e  neutron f l u x  i n  plane 
Z = 38.8 cm, when a point unidirect ional  source of u n i t  power with radiat ion 
directed along the  Z axis i s  placed a t  point Z = 0, H = 0, computed by the 
method of moments i n  accordance with equation ( T O ) ,  with the  u t i l i z a t i o n  of the 
asymptotic solut ion f o r  the  P1, P2 and P3 approximations (See eq. (53)) .  The 

difference i n  the results obtained by the  method of moments and by the  asymp
t o t i c  solut ion i s  ra ther  high near t he  source ray and i s  smoothed out t o  some 
extent  a s  we move away from it. For purposes of comparison figure 3 presents 
the d i s t r ibu t ion  of neutron f lux Nis ( R )  (subscr ipt  i s  = i so t ropic)  from a 

point i so t ropic  source with un i t  power a t  the  point Z = 0, H = 0. This d i s t r i 
bution may be obtained by integrat ing expression (70) over df2 

(143= i s  = i so t ropic)  

We can see t h a t  the d i s t r ibu t ion  from a unidirect ional  source, a t  suffi
c i en t ly  la rge  dis tances  from the l i n e  of rad ia t ion  direct ion,  approaches the  
d i s t r ibu t ion  from an i so t ropic  source. This makes it possible t o  analyze the 

behavior of the f lux  using the  l a w  e-R'hr(H)/R, where &(H)  i s  some relaxation 

length whose value approaches the  asymptotic re laxat ion length f o r  an i so t ropic  
SOwCe kr ,  as, when H increases.  For example, i n  the  considered plane Z = 38.8 

cm i n  the region from H = 60 cm t o  H = 70 cm, the  behavior of the  flux from a 
points  unidirect ional  source may be described by the following relaxat ion 

lengths:  when using the method of moments = 5.3 cm; i n  the  asymptotic solu-

Pt i o n  hrl = 4.1 cm; hP2 = 4.9 cm; hP 3 = 5.1 cm. 
r r 
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Figure 3. Distribution of neutron f l u x  i n  i ron i n  plane 

Z = 38.8 cm f r o m  a point unidirect ional  source of un i t  power 

placed at point Z = 0 ( H  = 0) ,  with radiat ion directed along 

Z ax is :  1, calculat ions by method of moments; 2-4,asymp

t o t i c  solut ion i n  pl, p2 and P3 approximations, respectively.  


For comparison we present d i s t r ibu t ion  from a point i so t ropic  

source of un i t  power a t  point Z = 0, H = 0, dot-dash curve. 


For comparison we present the  asymptotic re laxat ion lengths fo r  an is0-/50 
t ropic  source: according t o  the method of moments Xr = 5.65; according 5 

Y as 

the method of spherical  harmonics as = 4.4 cm; 'r, 
'2 

as = 5.4 cm; k z 3  as = 5.7 

cm; x19 = 6 .3  cm. r, as 

For the f l u x  d i s t r ibu t ion  from a unidirect ional  rad ia t ing  d isk  with radius 
a when Z >> H > a we obtain the  following approximate equation from ( p a )  



I 

where In (x) i s  a Bessel function with an imaginary argument; ho(k), vl(k) are 

functions of k(CR) which i s  determined from (40),where R = JZ2 + H2. The func
t i o n  t n ( Z ,  H )  designates the following expression 

When H >> Z > a we can neglect the dimensions o f ' t h e  d isk  and u t i l i z e  
equation (70) fo r  a point source. When Z a < H, by u t i l i z i n g  (71) and (72) 
w e  a r r ive  a t  the following approximate equation 
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I n  f igure 4 experimental da t a  ( ref .  25) on the  d i s t r ibu t ion  of neutrons i n  
d i f f e ren t  planes Z as a function of H are compared with the  results of calcula
t ions  performed by means of equations (TO), (76) and (77). 

The computed da ta  agree w e l l  with experimental results with respect  t o  the  
var ia t ion  i n - t h e  neutron f l u x  d i s t r ibu t ion  as a function of H. Some of  the  
disagreements i n  the  absolute values of the  fluxes as Z increases  may be ex
plained by the  following reasons: 

(1) the  application of  approximation schemes u t i l i z i n g  three  r a the r  than 
more moments ; 

(2)  a r a the r  l a rge  e r r o r  i n  the cross  sect ions used i n  the  ca lcu la t ion  
(-15 percent), f o r  example: h = 0.61 f 0.09; i n  addition, when formulating the  
cross  sect ions f o r  t h i s  group of neutrons we  did not take i n t o  account t h e  var
i a t i o n  of the spectrum as the  dis tance from the  source increased; 

-: 

\ . 
\ 

i 
1 H,cm 

Figure 4. Comparison of experimental 
puted da ta  on readings of de tec tor  i n  d i f f e ren t  
planes Z as function o f  dis tance t o  cen t r a l  ray  

H: $ , experimental values for a c t i v i t y  of i n 

d ica tor ;  s o l i d  curves, ca lcu la t ion  by method of 
moments; v e r t i c a l  dot-dash curve shows boundary 
of beam. 



(3) some idea l iza t ion  i n  the  computation scheme of  the experiment 152 
which we have mentioned above. 

I n  conclusion the author expresses h i s  gra t i tude  t o  0. K. Malyugin for 
carrying out the numerical calculat ions.  
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APPLICATION OF TRE METHOD OF "RREMOVAL CROSS SECTIONS'' TO ANALYSIS 
OF SHIELDING WITROUT HYDROGEN 

D. L. Broder, A. A. Kutuzov, V. V. Levin and V. V. F'rolov 

A ra ther  convenient method f o r  computing the  three-dimensional d i s t r i - /52 
bution of neutron f luxes i n  shieldings which contain hydrogen i s  the method of 
removal cross sections (refs. 1 and 2).  

The essence of t h i s  method, which i s  r a the r  simple f o r  the p rac t i ca l  cal
culat ions of shielding, consis ts  of f inding the  cross sect ion of an element 
contained i n  the  shielding which i s  equivalent t o  the  cross section o f  neutron 
absorption i n  a group with an energy in t e rva l  AE = E - Eth. This cross section, 

ca l led  the "removal cross sect ion,"  i s  composed f rom the absorption cross sec
t ion,  from pa r t  of  the  cross sect ion f o r  e l a s t i c  sca t te r ing  and from a large 
p a r t  of the section f o r  i n e l a s t i c  scat ter ing.  

Elas t ic  sca t te r ing  by l i g h t  nuclei  a f fec ts  the  absorption o f  the f a s t  & 
neutron ( i t s  removal from the energy in te rva l  E - Eth), both due t o  the  drop i n  

the energy of neutrons during the  sca t te r ing  a c t  as well as due t o  the elonga
t i o n  of the neutron path from the shielding caused by the change i n  the f l i g h t  
d i rec t ion .  For a heavy nucleus only the second fac tor  i s  s ign i f icant .  Inelas
t i c  processes lead t o  a large drop i n  energy during a smaller nonisotropic 
sca t te r ing  property of  the  neutron and therefore make a la rge  contribution t o  
the  removal cross sect ion when the i n i t i a l  energy of the neutron i s  suf f ic ien t ly  
high. The calculat ion of the fas t  neutron f lux i n  the  case of a source which 
rad ia tes  a spectrum of neutrons, using t h i s  methodology, i s  carr ied out by 
m e a n s  of equat ion 

(1) (2)= s ( E )  ( E ,  Elin,,.02) G (2)e-xrctn(E)  ( I - w Z  d E ,  
%op 

(Subscript IIOP = t h  = threshold) 

where S ( E )  i s  the spectrum of the  source neutrons; Crem i s  the  removal cross 

section; D (E, Eth, e Z )  i s  the  three-dimensional d i s t r ibu t ion  of  f a s t  neutrons 

i n  the  energy in t e rva l  E - Eth when the  i n i t i a l  energy i s  E; G(x) i s  a geomet

r i c  factor ;  z is  the  distance from the source t o  the point of measurement; e is  
the volumetric concentration of the  moderating hydrogen-containing medium. 



W e  note t h a t  the appl icabi l i ty  of t h i s  method i s  assumed when the  follow
ing de f in i t e  conditions are sa t i s f i ed .  

1. The d i s t r ibu t ion  of the  neutron f l u x  i s  computed i n  a medium consis t 
ing of a hydrogen-containing moderator, i n  which the  substance which moderates 
the neutrons according t o  the  removal cross sect ion i s  d is t r ibu ted  i n  a homo
geneous manner or i n  the  form of slugs;  

2. The layer  of t h i s  moderator placed between the  s lug of the  '%emoving" 
substance and detector ,  or ( i n  the case of a homogeneous medium) the distance 
from the source t o  the detector,  must not be l e s s  than a cer ta in  quantity 
ro (E, Eth). Furthermore, i n  t h i s  case ro depends on the  propert ies  of the 

"removing" substance. This method may be used f o r  s m a l l e r  thicknesses, but 
the value of the  removal cross section must be lowered. 

A d i r ec t  application of the method of removal cross section f o r  computing 
a l l  groups of moderated neutrons i s  d i f f i c u l t  i n  some cases, f o r  example, i n  
homogeneous mixtures, because the  value o f  the removal cross sect ion measured 
by means of a detector  sens i t ive  t o  slow neutrons may vary as  a function of 
the  homogeneous mixture composition. A t  the same t i m e ,  t h i s  e f f ec t  i s  sub
s t a n t i a l l y  less f o r  f a s t  neutrons. 

It has been proposed t o  compute the  fluxes of neutrons formed as a r e s u l t  
of the moderation of f a s t  neutrons by applying the  age approximations ( r e f s .  3 
and 4 ) .  The sources of moderation consisted of a three-dimensional d i s t r ibu
t i o n  of a fast group of neutrons computed by the method of removal cross  
sections.  

References 4 and 5 assume t h a t  i f  we neglect the  question concerning the 
buildup of neutrons with s m a l l  energies, we can attempt t o  t r ans fe r  the  method 
of u t i l i z i n g  removal cross section t o  a medium which contains light moderators 
i n  place of hydrogen. In  these references a moderator of t h i s  type consisted 
of boron carbide i n  a mixture of i ron  and lead.  The removal cross sect ions of 
iron, lead and water were measured when these were uniformly mixed with boron 
carbide and a l so  when they w e r e  placed in to  the l a t t e r  as slugs. It turned out 
t h a t  the  removal cross sect ion o f  these substances i n  boron carbide, measured 

by the  f i s s ion  chambers with and U233 coincide and are close i n  magnitude 
t o  the  removal cross sect ion of these substances measured i n  water. 

The present work presents addi t ional  experimental data  which prove t h a t  it 
i s  possible t o  generalize the  method of removal cross sections and apply it t o  
heavier moderating media. In  these experiments the moderating media consisted 
of aluminum. Neutron sources with E = 4 MeV and 14.9 MeV w e r e  used. The re
moval cross sect ions of i ron  and l ead  i n  boron carbide w e r e  a l so  measured with 
a neutron f i s s ion  spectrum and a removal cross sect ion of i ron with the  spec
trum of the  VVR reactor  ( ref .  6 ) .  



Experimental Setup 

The sources of neutrons consisted of t he  D (a, n )  H e 3  reaction with 

i n i t i a l  neutron energy of E = 4 MeV, T (a, n)  He 4 (.E = 14.9 MeV), and a TJ235 
disk  placed on the  beamof thermalneutrons removed from the  reactor  of the  first 
atomic e l e c t r i c  power s t a t ion  i n  the  world. 

The sources had t h e  form of disks with a diameter of 10 mm for sources of 
s ingle  energy neutrons and a diameter of 46 mn f o r  sources of the f i s s ion  
spectrum. 

Fast  neutrons w e r e  detected by means of a Th232 f i s s ion  chamber. A de
t a i l e d  descr ipt ion of the  detector  i s  given i n  references 4 and >. The geome
t r y  of t he  opt ics  is s i m i l a r  t o  the one described i n  reference 5 .  The aluminum 

prisms w e r e  made up from sheets with dimensions 1000 X 1000 X 10 m m j .  The i ron  

and lead p la tes  had dimensions 71.0 X 71.0 X 10 m3 and w e r e  used t o  make up 
slugs with a thickness up t o  100 mm. The tanks with water, prisms from poly
ethylene and Plexiglas  had transverse dimensions of 1000 m. Measurements i n  
the VVR reactor  w e r e  car r ied  out using a ba r r i e r  geometry. The geometry of 
t h i s  experiment i s  described i n  de ta i l  i n  reference 6. In  these measurements 
an analysis w a s  made of the e f f e c t  of y-rays and of slow neutrons on the count 

of the Th232 f i s s ion  chamber. Their e f f e c t  w a s  eliminated by using f i l t e r s  
made of lead and boron carbide. 

Measurements and Results 

Figures 1 and 2 show the measurements made by means of the f i s s ion  
chamber of the at tenuat ion of fast neutron f luxes i n  aluminum and i n  uniform 
mixtures of aluminum with i ron and lead, using neutron sources of E = 4 and 
14.9 MeV. Similar measurements were car r ied  out f o r  assemblies from aluminum 

( C  H 0 ) and polyethylene (CH2) were5 8 2i n  which blocks of iron, lead, Plexiglas 

placed between the source and the  detector  and a l so  i n  uniform mixtures of 
aluminum with Plexiglas .  On the  bas i s  of these measurements calculations were 

/59.made of the removal cross sect ions f o r  iron, lead, andpolyethylene 
Plexiglas i n  aluminum ( f ig s .  3 and 4).  The results of measurements using f is
sion neutron spectrum i n  boron carbide, i n  uniform mixture of boron carbide 
with i ron  and lead and i n  boron carbide with i ron  slugs of thickness 100 mm are 
shown i n  f igure 5 ,  and the  removal cross sect ions f o r  i ron  and lead computed 
from these data  are shown i n  the  t ab le .  

The r e su l t s  of the measurements using the  WR reac tor  i n  graphite with a 
m i x t u r e  of 7 percent boron by weight, and i n  boron-treated graphite and i n  
water behind the  i ron  layer  are shown i n  f igures  6-8. The broken l i n e  shows 
the  attenuation of neutrons obtained from calculat ions i n  which the value of 
the removal cross sect ion was  assumed t o  be equal t o  0.168 cm f o r  measurements 
i n  water and 0.154 cm f o r  measurements i n  the  graphite t r ea t ed  with boron. 
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Figure 1. Three-dimensional distribution of fast neutrons 


measured by means of Th232 fission chamber (for left ora'i
nate E = 14.9 MeV, for right E = 4 MeV): 0,in aluminum; 
Q ,  in a uniform mixture with iron (the thickness of iron 
layers was 2 cm and of aluminum layers 9.5 cm); , alu
minum behind iron slug with thickness of 10 cm. 


Figure 2. Three-dimensionaldistribution of fast neutrons 


measured by means of Th232 fission chamber (for left ordi
nate E = 14.9 MeV, for right E = 4 MeV): 0,in aluminum; 
0 ,  in uniform mixture of Pb with Al (thickness of lead 
layer was 2 cm and of aluminum layer 9.5 cm); 0 , in alu
minum with lead slug of thickness of 10 cm. 
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Figure 3. Variation i n  removal cross sect ion of i ron  and lead i n  
aluminum for neutrons with energies E = 4 MeV and 14.9 MeV; 0 ,  
as function of distance between source and detector  i n  uniform 
mixtures; 0 ,  as function of distance between slug of the  re'
mom1 material and the detector .  

Discussion of Results 

The t ab le  presents removal cross sect ions for neutrons of the f i s s ion  
spectrum and fo r  s ingle  energy neutrons with E = 4 and 14.9 MeV measured i n  
w a t e r ,  boron carbide and aluminum. The removal cross sections measured i n  the 
present work as w e l l  as those obtained by other  authors are presented. From 
the comparison of quant i t ies  presented i n  the t ab le  and from the examination 
of results shown i n  the figures we ea4 draw the  following conclusions. 

1. The method of removal cross sections i s  applicable t o  the calculat ion 
of shieldings i n  which other l i g h t  media such as boron carbide or aluminum are 
used as moderators i n  place of water. 

2. The magnitude of the removal cross sect ions f o r  most of  the inves t i 
gated substances depends very l i t t l e  on the select ion of the moderator medium. 
Thus for the  spectrum of the VVR reactor  the removal cross  section of i ron i n  
graphite t rea ted  with boron i s  10 percent l o w e r  than during measurements i n  
w a t e r .  However, t h i s  discrepancy does not exceed the measurement e r rors .  

W e  should note t h a t  i n  pr inciple  it i s  a l so  possible t o  use the method of 
removal cross sections when we have a very heavy moderator. However, the 
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Figure 4.  Vaxiation i n  removal cross section of  polyethylene 
and Plexiglas i n  aluminum f o r  neutrons with energies E = 4 MeV 
and 14.9 MeV: 0 , polyethylene, obtained from measurements i n  
s lug geometry (thickness of polyethylene slug was 11.1em); 
(3, Plexiglas,  obtained from measurements i n  slug geometry 
(thickness of Plexiglas  layer  was 12.4 em); and i n  uniform 

I
mixtures. 0

/, thickness of Plexiglas layers  1em; -e-, thick
’/ I 

ness of Plexiglas l aye r s  2 em; 0 , thickness of Plexiglas 
layers  4 em. (Subscript  re = removal.) 

var ia t ion  i n  the removal cross sect ion as a function of  the atomic number of 
the moderator i s  weak when the  atomic weights of  the moderator are  r e l a t ive ly  
s m a l l  ( a t  l e a s t  up t o  A = 27), and t h i s  leads t o  a substant ia l  decrease i n  the 
removal cross sect ion when the  atomic weights of the moderator a re  very high. 
Thus the  removal cross sect ion of i ron  measured i n  H20 f o r  neutrons with energy 

4 MeV i s  equal t o  0.168 em, whereas the  same cross sect ion measured i n  a mod
e ra to r  of i ron  ( the  quant i ty  inverse of the  relaxat ion length)  i s  equal t o  
0.132 em. I n  addition, the  removal cross section i n  a heavy moderator may de
pend subs tan t ia l ly  on the energy threshold of  the detector  used t o  measure 
t h i s  cross section. 

3. Both i n  t he  uniform mixtures and i n  the  s lug geometry the removal 
cross sect ion becomes saturated with r e l a t ive ly  small distances ro. 

4. In  boron carbide as well as i n  water measurements made with the de

t e c t o r  of the chamber with U235 type give a value f o r  the  cross sect ion equal 
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Figure 5 .  Three-dimensional d i s t r ibu t ion  of gas neutrons 
from neutron source of f i s s i o n  spectrum i n  boron carbide 
behind i ron  s lug ( a )  and i n  uniform mixtures of boron car
bide with lead and i ron  ( b ) :  1, i n  boron carbide; 2, i n  
boron carbide behind i ron  slug; 3, i n  uniform mixture of 
boron carbide with lead; 4, i n  uniform mixture of boron 
carbide with i ron .  

t o  tha t  measured by means of threshold detectors  f o r  f a s t  n e ~ t r o n s - - T h ~ 3 ~  
chamber. 

5 .  A t  a suf f ic ien t  distance,  g rea te r  than ro, the  removal cross sections,  

measured i n  a uniform mixture and i n  s lug  geometry, a re  close.  

6. The quantity, which i s  the  inverse of the relaxat ion length, a t  suf
f i c i e n t l y  la rge  distance from the  source i s  equivalent t o  the removal cross 
section.of the given material i n  the  mater id  i t se l f  and f o r  l i g h t  media, as we 
can see from the tab le .  Such a quantity must be close t o  the removal section 

of t h i s  material  i n  other media. An'exception t o  t h i s  i s  the quantity G& f o r  

graphite with neutron energy 14.9 MeV. Apparently such exceptions are possible 
i n  media with la rge  "dips" i n  the t o t a l  cross sect ion a t  energies smaller than 
the i n i t i a l  energy of the  neutron. I n  the  cross sect ion of carbon such a dip 
i s  observed at an energy of 6.7 MeV. The removal cross section measured i n  
such media a t  l a rge  distances from the source must correspond t o  the  energy a t  
which we have a dip i n  the cross sect ion of the moderator. This apparently 
explains the abnormally la rge  relaxat ion length i n  graphite f o r  neutrons with 
an i n i t i a l  energy of 14.9 MeV. The reciprocal  of the  relaxat ion length i n  
graphite f o r  E = 14.9 MeV i s  equal t o  0.0416 cm, and the  cross sect ion for the  
removal of graphite i n  water i s  0.077 cm. 
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Material 


Polyethylene 


cH2 


H2° 


Plexiglas

C H O 

5 8 2  


REMOVAL CROSS SECTIONS MEASURED IN WATER, BORON CARBIDE AND ALUMINUM. 

% = 4 MeV I Fission spectrum 

ere BDensity in^ Nuclear density ' Cre B 're 're 're Graphite 
treated 


H2° B4c H2° .ithboron 


0.112[31 


0.076[6,8] 


1.18 1 0.00846* 

0.078Boron carbide 1.67 1 0.0182" 0.085B4c 

4' Graphite
4 c 

I 
0.07 0.063 0.063


Aluminum o.0602
A l  

I --I- I I 
0.169[4] 0.162 0.132[6,7] 0.134[9] 0.145 0.121[6,7]Iron 7.83 0.084'3 0.171[5] 1 0.162 1 ~ 0.113[10] 0.145Fe 


Lead 
0.113[4] 0.101 0.067[7] 0.112[9] 0.084 0.0645[6,7] 


Pb 

0.113[5] 10.092 1 1 o.0881 

Remark: 	 For each substance the upper horizontal series of values refers to the measurements carried in a slug geometry, and the lower pertains to measure
ments carried out in uniform mixtures. The square brackets ([ ])refer to literature sources from which the removal cross sectians were taken. 

'Nuclear density expressed in molecules per cubic centimeter. 


*Obtained by computations from experimental attenuation curves in polyethylene and from computed curves in hydrogen. 




Figure 6. Three-dimensional d i s t r ibu t ion  of  neu
trons from spectrum of VVR reactor i n  mixture of 
graphite with 7 percent boron by weight ( i n f i n i t e  

cadmium; X, ZnS a ,  m23* ( f a s t  neutrons);
0,all-wave counter ( t o t a l  f lux) ;  - - - - -
calculated ( f o r  carbon with boron carbide Crem = 

0.049 cm-l); , experimental. 

r ,  CM 

Figure 7. Three-dimensional dis t r ibut ion of 
neutrons from spectrum of VVR reactor i n  mix
tu re  of graphite with 7 percent boron by 
weight behind layer o f  i ron with thickness of 
40 cm (ba r r i e r  geometry) : - - - - - calcu

l a t ed  (for  i ron Crem = 0.154 cm'l); 

obtained experimentally; 0 , all-wave counter 
T 

~ 3 ~( t o t a l  f lux) ;  
1 
, ~ h ( f a s t  neutrons). 
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Figure 8. Three-dimensional d i s t r ibu t ion  of neutrons from 
spectrum of VVR reactor  i n  water behind layer  of i ron with 
thickness 46 c m  ( b a r r i e r  geometry): - - - - - computed 

for i ron  c,, = 0.168em-’); , obtained experimen-

Tt a l l y ;  o , all-wave counter ( t o t a l  f lux) ;  0 , ~ h 2 3 2  
( fas t  neutrons). 1 

7 .  The p rac t i ca l  appl icat ion of the method of  removal cross sections /60-
f o r  computing the  d i s t r ibu t ion  of a fast neutron group with a low lower boundary 
of the group, with values of removal cross sections obtained f o r  measurements i n  
w a t e r ,  i s  possible only when a l i g h t  moderating medium i s  present.  An example 

of t h i s  is  the su f f i c i en t  discrepancy between the quant i t ies  ).?& and Cre for 
i ron  and lead. 

8. When a light component i s  absent i n  the shielding the  appl icat ion of 
the method i s  possible,  i f  we know the removal cross  section of the material i n  
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t he  given medium or if  the  lower boundary of t he  energy group i s  su f f i c i en t ly  
ra ised.  Apparently it i s  possible t o  s e l e c t  a boundary energy such t h a t  the 
removal cross sect ion of a given material w i l l  not depend on the composition of 
the  medium s i tua ted  behind the  removing m a t e r i a l .  

The author expresses h i s  grat i tude t o  V. P. Bogdanov, S. G. Osipov, G. V. 
Rykov, V. S. Tarasenko and A. I. Chusov, who par t ic ipa ted  i n  making the  meas
urement  s . 
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EXPERIMENTAL JUSTIFICATION FOR THE MULTIPLE GROUP METHODS I N  THE 
COMPUTATION OF BIOLOGICAL SHIELDING 

D. L. Broder, A. P. Kondrashov, A. A. Kutuzov, V. A. Naumov, 
Yu. A. Sergeyev and A. V. Turusova 

Introduction /60 
The calculat ion of biological  shielding is  associated w i t h  the  determina

t i o n  of three-dimensional energy d is t r ibu t ions  of neutrons i n  media containing 
light and heavy nuclei .  A series of methods has been developed which i n  some 
manner o r  other are based on the solution of the k ine t i c  equations. We may men
t i o n  such numerical methods of solving the three-dimensional energy problem as 
the polynomial method ( ref .  1) and the method of solving the single veloci ty  
problem i n  the P

9
-approximation which has been developed fo r  heavy media ( ref .  

2). 

However, the first method, which can be applied t o  any medium i n  pr inc i 
ple,  requires cumbersome computation work and therefore is  not applicable t o  
the p rac t i ca l  calculat ion of shielding. The second method, presented i n ' r e f e r 
ence 2, does not take in to  account the  moderation of neutrons due t o  e l a s t i c  
co l l i s ions  with nuclei  and f o r  t h i s  reason can be applied only t o  the calcula
t ion  of heavy media. 

References 3 and 4 propose ananaly t ica l  method f o r  solving the energy /61.
problem which u t i l i z e s  the  calculat ion of a group of fast neutrons by the s e m i -
empirical method of "removal cross sections" with subsequent estimation of mod
era t ion  i n  the  age approximation. This method i s  interest ing,  because it auto
matically takes in to  account a l l  of the  processes which lead t o  the moderation 
of fast  neutrons including i n e l a s t i c  sca t te r ing  and moderation due t o  e l a s t i c  
processes in to  the energy region below 1-1.5 MeV, where the i n e l a s t i c  processes 
f o r  most of the  nuclei  begin t o  play a secondary ro l e .  The shortcoming of t h i s  
method i s  t h a t  it can be applied only a t  la rge  distances from the  source i n  the 
region of an equilibrium spectrum. 

I n  the present work an e f f o r t  i s  made t o  ver i fy  experimentally the method 
which can be used t o  calculate  t he  three-dimensional energy d is t r ibu t ions  of 
neutrons a t  any distances from the  neutron source. Two methods of solving the  
problem are considered: the  10-group and T-group method i n  a diffusion and 
age-diffusion approximation, respect ively.  The appl icabi l i ty  of approximations 
of t h i s  type t o  calculat ing shielding i s  not obvious when strong absorption i s  
present.  Moderation by hydrogen a l so  complicates the  appl icabi l i ty  of these 
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methods t o  a s igni f icant  degree. W e  should note the case when the  thickness of 
the  layers  i s  s m a l l ,  which l i m i t s  the p o s s i b i l i t y  of applying the given calcula
t i o n  methods. When the  neutron energies are high, it i s  also important t o  bear 
i n  mind t h a t  the  sca t te r ing  of neutrons by most of the medium and heavy nuclei  
i s  nonisotropic. However, there  i s  a series of circumstances which permits us 
t o  hope t h a t  t h e  prospects of applying these methods are favorable. Factors o f  
t h i s  type should include the large contribution of i n e l a s t i c  processes when the 
neutron energies are grea te r  than 1MeV. 

The sca t te r ing  of neutrons during i n e l a s t i c  co l l i s ions  i s  isotropic ,  and 
the nonisotropic nature of e l a s t i c  sca t te r ing  may be compensated f o r  by in t ro
ducing the t ransport  sca t te r ing  cross sect ion.  A t  lower energies the e l a s t i c  
sca t te r ing  becomes more i so t ropic .  The absorption processes begin t o  play a 
la rge  ro l e  only i n  the lower groups. On the bas i s  of these statements an ef
f o r t  has been made t o  substant ia te  the appl icabi l i ty  o f  these methods of calcu
l a t i o n  experimentally. 

The T-group method w a s  developed f o r  the purpose of introducing cer ta in  
corrections and improvements i n  the calculat ion of fast neutron groups. The 
basic  idea consis ts  of assigning a three-dimensional d i s t r ibu t ion  of a f a s t  
neutron group with energy E > 1.5 MeV, using the  semiempirical method of "re
moval cross sections" with subsequent calculat ion u t i l i z i n g  the age-diffusion 
approximation. 

As  we know, the  age model i s  in su f f i c i en t ly  convincing f o r  a medium con
ta in ing  hydrogen. However, it i s  shown i n  reference 5 t h a t  the  difference be
tween the  r e su l t s  obtained by carrying out the calculat ions by means of the age 
approximation and the  r e s u l t s  of the exact solut ion even f o r  water a t  distances 
from the source, where the  age consideration i s  valid,  does not exceed 30 per
ce.nt. This s i tua t ion  m a k e s  it possible f o r  us t o  hope t h a t  the  r e su l t s  of our 
calculations w i l l  be favorable. 

The refinements made here per ta in  therefore  only t o  groups of  neutrons 
with E > 1.5 MeV, which as a ru l e  determine the  three-dimensional d i s t r ibu t ion  
of neutron f luxes.  Both methods of  calculat ion were applied t o  the calculation 
of three versions o f  shielding of r e l a t ive ly  s m a l l  thickness with and without 
boron. Boron was introduced fo r  the purpose of invest igat ing the  questions of 
the appl icabi l i ty  of the diffusion and the  age-diffusion approximations t o  the 
calculat ion of shieldings with d i f f e ren t  absorption of neutrons i n  the thermal 
and above thermal regions.  These same versions were investigated 
experimentally. 

The s implici ty  of the calculat ion method according t o  the i n i t i a l  scheme 
should have provided f o r  a s m a l l  number o f  energy groups. However, the path 
from a large number of groups t o  a s.mall number appears t o  be more natural .  It 
i s  f o r  t h i s  reason t h a t  the7- and 10-group systems of constants were developed. 
A t  the  present time w e  are  completing work f o r  the contraction of a 10-group 
system of constants down t o  a 3-group system. Work i s  also being carr ied out 
t o  ref ine the  computation technique by applying the  P2-approximations. This i s  

par t icu lar ly  important i n  the region where we have groups of fast neutrons 
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which determine the three-dimensional d i s t r ibu t ions  a t  la rge  distances i n  the 
shielding. 

Selection of Groups i n  the  7- and 10-Group Methods 

The breakdown of the  energy region i n t o  groups i s  shown i n  the  table .  /62
A s  we can see from the tab le ,  t he  region of fast neutrons, E > 0.7 MeV, which i s  
most important from the point of v i e w  of a correct determination of the place 
where neutrons are absorbed i n  the  shielding (and consequently the determination 
of the  three-dimensional d i s t r ibu t ion  of capture rad ia t ion  sources), i s  broken 
down in to  four in te rva ls .  The boundaries of the  groups i n  t h i s  region are se
lec ted  i n  such a way that the  t ransverse sca t te r ing  cross section of hydrogen, 
nickel, iron, chromium and l ead  change very l i t t l e  within the limits of each 
group. When the  groups are selected i n  t h i s  manner the  neutrons generated dur
ing f i s s ion  are d is t r ibu ted  r a the r  uniformly over t he  groups. This makes it 
possible t o  take in to  account the  leakage of neutrons from the reactor  more ac
curately.  The uppermost group covers a region of energies from 4 MeV t o  0 3 .  A 
more de ta i led  breakdown of t h i s  i n t e rva l  i s  not expedient, because there i s  a 
r e l a t ive ly  s m a l l  amount of data  on the transverse cross sections of i n e l a s t i c  
sca t te r ing  and on the  angular d i s t r ibu t ion  of scat tered neutrons for t h i s  re
gion of energies.  The lower boundary of the region of fast neutrons approxi
mately coincides with the th resho ldof  the i n e l a s t i c  sca t te r ing  of the  elements 
which have been mentioned. 

The next region of intermediate neutrons from 40-700 keV contains two 
groups and one group f roml-40  keV. This i s  a t rans ien t  region f romthe  moder
a t ion  mechanism which takes  place by i n e l a s t i c  sca t te r ing  t o  the  moderation 

- ~. 

10-Group method 7-Group method 

Group Lower l eve l  of Neutrons Group Lower l e v e l  Neutrons 
No. group i n  e V  

1 4 *lo6 

2 2.3.106 
3 1.5'10 6 

4 7 -105 


5 

6 

7 


8 6.7 
9 Ebound 

10 0 

Fast  

Intermediate 

Resonance 

Thermal 
.-

No. group i n  el 
~ 

1 1.5.10 6 Fast  

2 
3 
4 

g 01-05 
4.5 ai05 

3 -103 
Intermediate 

5 
6 

3.3 
Ebound 

Resonance 

7 0 Thermal 
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mechanism re su l t i ng  from e l a s t i c  processes and i s  also a t r ans i en t  region from 
the spectrum of fast neutrons t o  the  Fermi spectrum. The lower boundary of the 
second group i n  t h i s  region (40 keV) i s  se lec ted  as the  energy for a d e f i n i t e  
establishment of t he  Fermi spectrum. Three groups are i so l a t ed  below 40 keV up 
t o  the  a rb i t r a ry  boundary of the  Maxwellian spectrum. Two of these are s i tua ted  
i n  a region where there  i s  a s ign i f i can t  probabi l i ty  for resonance capture. 
This i s  an energy region with the Fermi d i s t r ibu t ion  of neutrons. An exception 
t o  t h i s  i s  the n in th  group where the  spectrum may d i f f e r  f romthe  Fermi spectrum 
t o  a la rge  or s m a l l  degree due t o  the  increase i n  the probabi l i ty  of the neutron 
absorption processes. It w a s  assumed t h a t  the neutrons which are moderated be
yond the lower boundary of the ninth group are i n  thermal equilibrium with the 
medium and thus represent the thermal group. 

In  the  T-group method, the group of fast neutrons with E > 1.3 MeV w a s  com
puted on the  bas i s  of the "removal cross sec t ions"  method. The remaining groups 
a lso d i f f e r  s l i g h t l y  i n  the se lec t ion  of the energy boundaries. However, the  
bas i s  of t h i s  se lec t ion  i s  the same as f o r  the  case of the  10-group method. 

Neutron Spectrum i n  the 10-Group Method 

Fast  Neutrons (0.7 MeV < E < a). It w a s  assumed t h a t  the fast neu- /63
t rons  i n  the ac t ive  zone of the water reac tor  and outside it have the  spectrum 

where )((E') i s  the  spectrum of f i s s i o n  neutrons; c,, cs, 5 are  constants f o r  

H20. I n  the  first two upper energy groups t h i s  spectrum p rac t i ca l ly  coincides 

with the  f i s s i o n  spectrum. The constants are averaged out over the  spectrum 
(1) f o r  ~1 elements. 

Intermediate and Resonance Neutrons (EbOund < E < 0.7 MeV). It w a s  as

sumed t h a t  the spectrum of moderated neutrons i n  some medium containing a 
three-dimensional energy d i s t r ibu t ion  of neutrons is formed by the  medium it
self. Apparently t h i s  assumption i s  va l id  i f  the neutron i n  a given medium 
t r ave l s  several free path lengths.  If the  medium has small dimensions (less 
than the  free path length) ,  t h i s  assumption does not lead  t o  subs tan t ia l  e r ro r s  
due t o  the smal l  number of in te rac t ions  with the medium. Since expression (1) 
assigns a spectrum i n  hydrogen, the cross  sect ions f o r  hydrogen and fo r  the as
sociated oxygen, carbon(for media CH2, R20, C9802) w e r e  averaged considering 

the  %eight" of spectrum (1)flux .  In the  ninth group the form of the flux w a s  
computed from the  expression 
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For a l l  media when absorption w a s  small (C,& << 1)the var ia t ion i n  the  flux 

as a f'unction of energy w a s  taken as specif ied by the  equation 

and i n  the case of strong absorption as specif ied -y equation 

Spectra (1-4) w e r e  borrowed by us from references 6 and 7. 

I n i t i a l  Equations and Group Constants f o r  the  10-Group Method 

A system o f  group constants w a s  constructed as it applies t o  the diffusion 
equation, which may be wri t ten i n  the  following form for group j 

where 3 -
- $ ( E )  dE i s  the  in t eg ra l  f l u x  of neutrons i n  a group with width AE 

j ' 
-

AEj 
1
L

D 
j - 3Ctrj 

i s  the diffusion coeff ic ient ;  C. = Cc j  + Cinj + Cs j  ." 
+ cf j  i s  theJ 

r n  

t o t a l  cross section f o r  removal from group j ;  x c j ,  x f j ,  zinJ= 2 x i n j h  and 
10  k=j+ 1 

= 2 x s j h  are the cross sect ions of absorption, f i s s ion ,  i n e l a s t i c  and elas
h-j -C I 

t i c  removal f o r  group j ,  respectively; Ctr j  i s  the t ransport  cross section; 

Sj
mQd 

= 
j-'2 ( l ~ l , ( X , , l j + Z i n k j )  i s  the source i n  the group due t o  the moderation of /64
11- L 10 

neutrons; Sfj= 2 (v/S,))i% \ X(E)dE i s  a source i n  the group due t o  f i s s ion .  The 
k=l A E j  

macroscopic group cross sect ions are obtained i n  terms of the respective micro
scopic cross sections uCj, uinj, ofj  and others .  The group microscopic cross  

sections were determined i n  the  following manner 

I. 
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ufj = 1 0( E )a/( E )dE/ \ <I) ( E )d E ;  
A E j  A k j  

where A% i s  the width of a group i n t o  which a neutron passes as a result of 

i n e l a s t i c  sca t te r ing .  

The cross sect ion of e l a s t i c  removal from group t o  group was computed 
by means of an equation analogous t o  (7) .  If we note t h a t  e l a s t i c  sca t te r ing  

takes out neutrons from the  in t e rva l  whose width A E ,  = Emin l-ct'/cu (Emin i s  the 

2
lower boundary of the group; Cy = (A-l/A+l) ) f o r  heavy elements is  substan
. t i a l l y  less than the  width of t he  group, we have the  following expression i n  
the case of e l a s t i c  s ca t t e r ing  

Ahls 

where @,(u)du i s  the  average flux over the width AE,, reduced t o  un i t  lethargy, 

while 

5 = 5,  (1 - cose), where to= 1+ C y / l - C y  I n  C y .  

The diffusion coeff ic ient  w a s  computed i n  terms of the  quantity l /a t r  

At.) 


where Utr ( E )=c,, ( E )+ b n p  ( E )-k rr,, ( E )tol(E')+- a,?( E )(1  -p) 4-ut,#( E )  The variat ion i n  

the microscopic cross  sect ions as a function of energy i s  taken from references 
8 and 9 .  The group equations (1)writ ten i n  the f i n i t e  difference form were 
solved numerically by difference fac tor iza t ion .  The calculat ion procedures have 
been presented i n  d e t a i l  by G. I. Marchuk ( ref .  10). 

The calculations were car r ied  out using plane geometry, because the  experi
mental assemblies were added on towards the  end of t he  reactor .  We should point 
out t h a t  leakage of neutrons from the  act ive zone and from the end screens w a s  

taken i n t o  account by introducing the  term x2D i n to  the  t o t a l  group cross sec

t i o n  where x 2  = (%SI2 f o r  the ac t ive  zone and H2 =(s)'+(-2)2for the  screens 
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(R,  a, b are the  equivalent radius  of the ac t ive  zone and the  transverse dimen
sions of the  screens, respect ively) .  

R e s u l t s  of the 10-Group Calculations 

The results of calculat ions made by the  10-group method are repre- /66 
sented i n  figures 1-3, where a comparison i s  made of Cu63 copper f o i l  act iva
t ions  by thermal neutrons %, above thermal neutrons Q, and t h e  t o t a l  act iva
t i o n  Q = QT + QTH. 111 

a - l K h 1 8 N g T  s t e e l  
b - N o .  3 steel 
c - Plexiglas 
d - l K h l 8 N 9 T  s t e e l  
e - Plexiglas 
f - l K h l 8 N g T  s t e e l  
g - r i ex ig i a s  
h - N o .  3 s t e e l  
i - l K h l 8 N 9 T  s t e e l  
j - Lead 
k - Polyethylene 

I 

Figure 1. Spat ia l  d i s t r ibu t ion  of copper f o i l  act ivat ions 

Ti n  act ive zone and i n  shielding (version N o .  1): 0 fo r  
T I 

t o t a l  ac t iva t ion  (experimental results); f o r  act ivat ion 
' T

f o i l s  i n  cadmium cases (experimental results); X, f o r  ac-
I 

t i va t ion  by thermal neutrons--cadmium difference (experi
mental values); 1, total. ac t iva t ion  computed by 10-group 
method; 2, cadmium difference according t o  10-group method; 
3, ac t iva t ion  'of copper and cadmium computed by 10-group
method . 



The values of 	ac t iva t ions  w e r e  determined from the  group cross sect ions of 

cu63 by means of re la t ionshipscopper ac t iva t ion  C3 

('Subscript r p  = bound) 

a - m 1 8 ~ 9 ~s t e e l  
b - No. 3 steel 
c - Plexiglas 
d - x h i " 9 ~s t e e l  
e - Plexiglas 
f - x h 1 8 ~ 9 ~s t e e l  
g - Plexiglas 
h 
i 
3 - Boron carbide 
k - Polyethylene 

Active zone 
I'
I 

13 20 

Figure 2. Spa t ia l  d i s t r ibu t ion  of copper f o i l  ac t iva t ion  i n  

T
act ive zone and i n  shielding (version N o .  2) : 0 f o r  t o t a l  

1 
act ivat ion (experimental values); X f o r  ac t iva t ion  of f o i l s  

1 -
i n  cadmium cases (experimental values);  )k f o r  ac t iva t ion  by 

thermal neutrons--cadmium difference (experimental values);  
1, t o t a l  ac t iva t ion  computed by 10-group method; 2, cadmium 
difference according t o  10-group method; 3, ac t iva t ion  of 
copper i n  cadmium computed by 10-group method. 
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The energy of the cadmium boundary Ecd 0.4 MeV) does not coincide with the 

boundary energy of the thermal group (%,a = 0.17 ev); therefore the  act iva

t i o n  of the in t e rva l  0.7 eV E 0.4 e V  by neutrons must be added t o  the quan

t i t y  #10;C~$3. The quantity QR w a s  computed on the basis  of spectra obtained 

i n  the 10-group calculat ion and p a r t i d l y  on the basis  of expressions (1-4) 
mentioned previously. 

Analogous calculat ions whose rtsults agree w e l l  with experiments w e r e  
ca r r ied  out f o r  the ac t iva t ion  d is t r ibu t ions  of indium f o i l  from a point /67
neutron f i s s i o n  source i n  water and f o r  the Th232 f i s s ion  chamber count from a 
source of monoenergetic neutrons ( E  = 4 MeV) i n  i ron.  

a - lKhl8N9T s t e e l  
b - N o .  3 s t e e l  
c - Plexiglas 
d - Boron s t e e l  
e - Plexiglas 
f - Boron s t e e l  
g - Plexiglas 
h - N o .  3 s t e e l  
i - Boron s t e e l  
j - Lead 
k - Polyethylene 

I1 


Figure 3. S p a t i a l  d i s t r ibu t ion  of copper f o i l  ac t iva t ion  i n  
T

act ive zone and i n  shielding (version N o .  3) : 0 for t o t a l  
T I 

ac t iva t ion  (experimental values);  0 fo r  ac t iva t ion  of copper
I -

f o i l s  i n  cadmium cases (experimental values);  * f o r  act iva

t i o n  by thermal neutrons (cadmium difference)  (experimental 
values);  1, t o t a l  ac t iva t ion  computed by 10-group methods; 
2, cadmium difference according t o  10-group method; 3, ac
t iva t ion  of copper i n  cadmium computed by 10-group method. 
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I n i t i a l  Equations and Group Constants of the  7-Group Method 

The three-dimensional energy d i s t r ibu t ion  of neutrons i n  an age-diffusion 
approximation i s  described by the following system of equations: 

'F'DIV(I)~-Yreti'J', -- -. .S (14)--equation f o r  the  f irst  group; 

."4-GDGCl, + &Cl, 0 (l5)--equation of moderation fo r  thedo ' 

second, t h i r d  ... ( m - 1 )  groups; 

vl-hV(D, -X:cTCl).p= -r/ ( r ,  [I.,.) (16)--equation f o r  t he  thermal group, 
1 

where q (u)  = (tcs+YE,) 6 ( u ) ;  S j  are  the f i s s i o n  sources; D = - i s  the
3%

diffusion coeff ic ient ;  C, is  the  capture cross sect ion.  

By using simple transformations the  system of equations (14-16)for any 
j - t h  group expandedinthe in t e rva l  of logarithmic energy uj-l-uj i s  reduced 
t o  the form 

This equation f o r  t he  f i r s t  group of neutrons with E > 1.5 MeV w a s  solved only 
f o r  the act ive zone. In  the shielding the d i s t r ibu t ion  of neutron fluxes with 
t h i s  energy was obtained from experimental data .  It w a s  assumed t h a t  i n  the 
in t e rva l  uj-l-uj the  function q (u, r)  i s  approximately equal t o  its value a t  

the  end of the in t e rva l  when the logarithmic energy i s  u3' 
In  t h i s  case 

The diffusion coef f ic ien t  i s  equal t o  

I .. 
:32/,., when 

" j - i __ - .... __  
Llj , 

. . 

" j - I 

1-	 .. 
3x1, T 

when j =  1; 

j =  I ;  

j = 2 ;  . .., m- 1. 

j = 111. 



The cross section f o r  removal from the group i s  equal t o  

I &,I when j =  1; 

] =nt, 

where 

The discharge of neutrons from a given group j includes the t r a n s i t i o n  in to  /68-
the group j + 1due t o  e l a s t i c  sca t te r ing  and absorption of neutrons i n  the  
given group 

I ;r s l j =  v/(z- f o r  ac t ive  zone j - 1 ;  

sjj =0 f o r  shielding screens; 

A u j  =~j - ~ j - 1 .  

However, we should point out t h a t  calculat ions u t i l i z i n g  both the diffusion and 
the age-diffusion approximations have s igni f icant  shortcomings. Basically these 
shortcomings are associated with the impossibil i ty of  describing the behavior 
of f a s t  neutrons a t  l a rge  dis tances  from the source. Therefore the solut ion of  
equation (14) cannot be u t i l i z e d  f o r  the  computation of the d i s t r ibu t ion  of a l l  
intermediate neutrons. The f a s t  group can be assigned more accurately e i the r  
by solving the k ine t i c  equation i n  the P2 or P 3 approximation, or by obtaining 

the "removal cross sect ions"  by means of the semiempirical method o r  from the 
experimental re laxat ion length.  

The fast group w a s  assigned i n  the  following manner: the act ive zone w a s  
broken down i n t o  a series of elementary volumes, each of which w a s  considered 
as a point source with the  f i s s i o n  spectrum. The attenuation of neutrons i n  
the water of the act ive zone and i n  the Plexiglas between the s t e e l  screens 
w a s  taken from the at tenuat ion curve f o r  the fluxes of fast f i s s i o n  neutrons 
i n  water, as presented i n  reference 1. Experimental data  for  re laxat ion length 
( ref .  2) w a s  u t i l i z e d  f o r  t he  at tenuat ion of fast neutron fluxes i n  steel and 
i n  lead.  

It w a s  assumed t h a t  i n  the polyethylene, which i s  placed behind a s u f f i 
c i en t ly  heavy layer  of iron, t he  at tenuat ion of fast  neutrons takes place with 
a relaxat ion length of  5.2 em ( re f .  11). By adding the fluxes from d l  of the 



elementary volumes of the  ac t ive  zone, the d i s t r ibu t ion  of fast neutrons with 
energies grea te r  than 1.5 MeV was obtained, which served as the  source f o r  the 
f i r s t  intermediate group. 

Figure 4 shows the  three-dimensional energy d i s t r ibu t ion  computed by seven 
groups f o r  a spherical  source. 

A comparison of measured and computed copper f o i l  ac t iva t ions  by neutrons 
of all energies i s  shown i n  f igures  5 and 6. 

The copper f o i l  ac t iva t ion  cross sect ions w e r e  averaged out inside each 
group as i n  the  10-group method (see equations (11-13)). However, it w a s  
assumed t h a t  inside the group @ ( u )  = const. 

Experimental Setups and Detectors 

The experimental ve r i f i ca t ion  of the  method employed i n  these computations 
w a s  carr ied out u t i l i z i n g  a c r i t i c a l l y  assembled reac tor  with water moderator. 
The act ive zone w a s  assembled from rods with uranium enriched with the 235 
isotope. The rods w e r e  placed i n  a tank with d i s t i l l e d  water. The act ive 
zone w a s  put together i n  a hexahedral tank with a 27.4 cm side;  t he  height of 
the zone was 62.6 cm; t h i s  tank was placed i n t o  another tank which w a s  also 

a - m 1 8 ~ 9 ~s t e e l  
b - No. 3 s t e e l  
c - Plexiglas 
d - lKh18NgT s t e e l  
e - Plexiglas 
f - m 1 8 ~ 9 ~s t e e l  
g - Plexiglas 

j - Lead 
k - Polyethylene 

Figure 4. Distr ibut ion of various neutron groups computed 
by T-group method: 1-9, numbers of neutron groups. 
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a - m 1 8 ~ 9 ~s t e e l  
b - No. 3 steel 
c - Plexiglas 
d - 'Boron steel 
e - Plexiglas 
f - 'Boron steel 
g - Plexiglas 
h - No. 3 steel 
I - Boron steel 

- Lead 
- Polyethylene 

Figure 5 .  Three-dimensional d i s t r ibu t ion  of copper f o i l  

ac t iva t ions  i n  ac t ive  zone and i n  shielding (version 


No. 3) : JT f o r  t o t a l  ac t iva t ion  (experimental values),  

-I- I 

O f o r  ac t iva t ion  of f o i l s  i n  cadmium cases (experi- 

L 


mental values) ,=I<I f o r  ac t iva t ion  by thermal neutrons 


(cadmium di f fe rence)  (experimental values); 1, t o t a l  

ac t iva t ion  computed by the T-group method; 2, cadmium 

difference according t o  7-group method; 3, ac t iva t ion  

of copper i n  cadmium, computed by 7-group method. 


hexahedral with a 50 cm side and the in t e rna l  tank was f i l l ed  with water. 
The i n t e r v a l  between the ex terna l  and in t e rna l  tanks was designed t o  accom
modate the  side w a t e r  r e f l e c t o r .  The Lower r e f l ec to r  consisted of the t e s t  
screens. These screens, as well  a s  t he  assembly simulating the reac tor  vessel 
and shielding were placed on a spec ia l  l i f t i n g  device and during operation ,@
were moved f lu sh  against  the bottom of the water tank which contained a c r i t i 
c a l  assembly. Figure 7 shows the  schematic of the i n s t a l l a t i o n .  

The d i s t r ibu t ions  of neutrons were measured f o r  three versions of t he  lower 
r e f l ec to r .  The assemblies which simulated the screens, t h e  vessel  and the  
shielding w e r e  put together  from sheets  of u c t i 1 - 8 ~ 9 ~stainless steel, No.  3 steel, 

i 9 3  



Plexiglas,  polyethylene, boron steel and lead.  The dimensions of the  p l a t e s  
were as follows: p l a t e s  from boron steel were 550 X 600 mm with a thickness of 
10 mm, p l a t e s  from stainless s t e e l  had a hexahedral form with a 460 mn side and 
a thickness of  15 mm. P la tes  made of  Plexiglas  a l so  had a hexahedral form with 
the  same dimensions as those made of stainless s t e e l .  Polyethylene w a s  assembled 
from p la t e s  of rectangular form with dimensions 930 ~ 6 0 0m. Pla tes  of No. 3 
s t e e l  and of lead  were of rectangular form and had dimensions of 660 X 7l-0 mm 
with a thickness of 10 mm. The composition of the experimental assembly f o r  
each version i s  shown i n  the f igure  showing the  corresponding experimental 
results. 

The measurements of neutron f luxes i n  the  assemblies were car r ied  out by 
measuring the a c t i v i t y  of copper f o i l s  induced by the neutrons. The f o i l s  had 
the shape of c i r c l e s  with a diameter of 20 mm and a thickness of 0.2 mm. The 
weight of individual ind ica tors  w a s  checked by weighing them on an ana ly t ica l  

Figure 6. Three-dimensional d i s t r ibu t ion  of copper f o i l  
act ivat ions i n  ac t ive  zone and i n  shielding (version 

T
No.  1): 0

I 
f o r  t o t a l  ac t iva t ion  (experimental values); 

T

0 f o r  ac t iva t ion  of f o i l s  i n  cadmium cases (experi- 

I -


mental values) : *experiment f o r  ac t iva t ion  by thermal
-

neutrons (cadmium difference);  1, t o t d  ac t iva t ion  com
puted by T-group method; 2, cadmium difference according 
t o  the  T-group method; 3, ac t iva t ion  of copper and 
cadmium, computed by T-group method. 
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r - = FActive zone 

Figure 7 .  Schematic of experimental setup: 1, w a l l s  of 
i n t e rna l  and ex terna l  tanks of act ive zone; 2, p la te  
which held act ive zone; 3, Plexiglas.  

balance. The difference i n  the  weight of individual f o i l s  did not exceed 1 
percent.  Measurements were car r ied  out using f o i l s  contained i n  cadmium cases 
with w a l l  thickness of  0.5 mm and a l so  with f o i l s  not contained i n  cadmium 
cases.  The indicators  w e r e  placed between the  sheets of materials used i n  
the assembly and then i n t o  the cav i t i e s  of special  inser ts  placed in to  chan
nels  a t  half  the thickness of t he  Plexiglas which w a s  s i tua ted  i n  the layers  
between the  screens. The ind ica tors  were placed along the  v e r t i c a l  which 
passed through the  center of t he  c r i t i ca l .  assembly. The a c t i v i t y  of copper 
f o i l s  w a s  measured by means of an end Geiger-Maler counter with a mica window. 

The p-decay of t he  Cu64 isotope resu l t ing  from the reaction Cu63 (n, y )  Cu64 
w a s  recorded. The a c t i v i t y  of the indicator  produced by the isotope (T 

1/2 

12.8 h r )  w a s  i so la ted  by analyzing the indicator  decay curve. The in t ens i ty  
of indicator  count w a s  measured f o r  a period of 72 hr .  Each t i m e  i t s  ac t iv
i t y  a t  the  in s t an t  of reac tor  stoppage w a s  computed from the  measurements of 
the  @-ac t iv i ty  decay of the indicator .  The reactor  power w a s  controlled by 
means of a boron counter. A l l  measurements were recomputed t o  correspond t o  
the  same reactor power. 

R e s u l t  of the  Measurements 

Measurements were made of the three-dimensional d i s t r ibu t ions  of ther
m a l  and intermediate neutrons i n  three experimental assemblies of screens and

/13 
shielding along t h e  ax i s  of the  ac t ive  zone. Thermal neutrons were measured 
with copper indicators  and a U235 f i s s i o n  chamber, and i n  the  experimental 
assemblies they w e r e  measured by means of copper indicators .  Intermediate 
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neutrons were measured i n  the  assembly by means of copper ind ica tors  contsined 
i n  cadmium cases. I n  these measurements the  indicators  had the  forrn of c i r c l e s  
w i t h  a diameter of 7 mm and a thickness of 0.07 mm. 

The three-dimensional d i s t r ibu t ions  of neutron dens i ty  vere ixeasured i n  
three  versions.  The computations were m a d e  f o r  these same versions as indi
cated above. The results of the  experiments are shown i n  f igures  2-5, together 
with the  computed data .  The dots  i n  figures 2 and 4 show the  measurement data  
i n  version No. 1. The e n t i r e  experimental assembly cons is t s  of  a l t e rna t ing  
l aye r s  of No. 3 steel, s t a i n l e s s  steel(lKhl&\TyjI) Plexiglas:  l ead  and polyethyl
ene. Figure 3 shows the  results of measurements and computations f o r  an ex
perimental assembly s i m i l a r  t o  version No. 1, i n  which, however, t he  lead  layer  
i s  replaced with a l aye r  of  boron carbide having a densi ty  of 1.1 g/cm3 and a 
thickness of 20 mm. Figures 5 and 8 show experimental da t a  and couiputations 
for  an assembly version u t i l i z i n g  layers  of boron s t ee l  as screens. For a l l  
versions the  experimental data coincided with the  computed curves and with 
each o ther  a t  the  point  ly ing  on the  boundary of  the  f i r s t  l aye r  of water /74-
(of Plexiglas)  from the  s ide of  the  act ive zone. 

Discussion of Computational and Experimental Results 

A comparison of the  computations of three-dimensional neutron f l u x  d i s 
t r ibu t ions  according t o  the ac t iva t ion  of copper indicators  f o r  three assembly 
versions with experimental results has made it possible t o  ver i fy  the  appl i 
c a b i l i t y  of t he  u t i l i z e d  multiple group method and has made it possible t o  
confirm the cor rec t  se lec t ion  of the  system of  constants.  The following con
clusions can be drawn on the basis of t h i s  comparison. 

1. Both the  7- as w e l l  as the 10-group method and the  selected system 
of group constants are su i tab le  f o r  computing the three-dimensional energy 
d i s t r ibu t ions  i n  mixtures of i ron  with water and lead  fo r  the measured thick
nesses.  

2 .  These methods produce sa t i s fac tory  r e s u l t s  (within the l i m i t s  of 20 
percent) fo r  media containing boron, f o r  example, i n  boron s teels  and i n  a 
medium with boron carbide layers .  The deviations are computed values from 
experimentdly measured values , for  the  ac t iva t ion  of  copper indicators  i n  
Plexiglas  layers  may be associated both with t h e  nondiffusion nature of the  
problem :J.S it appl ies  t o  the  layers  of the medium which bounds the strong 
absorber, as well as with the  deviation of the  t r u e  neutron spectrum i n  these 
l aye r s  from the neutron spectra  which were used t o  average out the group 
constants.  

3. The T-group computation was also car r ied  out f o r  the purpose of re
f in ing  the  three-dimensional d i s t r ibu t ion  of fast  neutron groups which de ter 
mine the  three-dimensional d i s t r ibu t ion  of  moderated neutron f luxes.  This 
d i s t r ibu t ion  of fast neutrons i n  t h i s  case w a s  computed by the  method of re
moval cross  sect ions u t i l i z i n g  the  experimentally measured three-dimensional 
neutron d i s t r ibu t ions  i n  various media. The present work has not obtained a 
d i r e c t  experimental ve r i f i ca t ion  supporting the  high accuracy of the  T-group 
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Figure 8. 

means of 10-group method: 1-10, numbers of neutron groups. 


Distribution of various neutrons groups computed by 

computation compared with the  10-group computation. For the thickness used i n  
the measurements both methods agree su f f i c i en t ly  with the experimental data .  
W e  can only assume t h a t  when the  shielding thickness i s  grea t  and when hydro
gen concentrations are  la rge  there  must be an inaccuracy i n  a ca lcu la t ion  of 
fast neutron groups when w e  use the  d i f fus ion  approximation as i n  the  case of 
the 10-group method. Therefore, along with the application of the T-group 
ca lcu la t ions  or of analogous methods u t i l i z i n g  the  experimentally determined 
d i s t r ibu t ions  of fast  neutrons it i s  necessary t o  apply more accurate ana ly t i 
c a l  methods of ca lcu la t ion  i n  fast groups; f o r  example, ca lcu la t ions  using the  
P2-approximation. 
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APFZICATION OF EMPIRICAL DATA TO TRE CALCUTATION O F  SHIELDING 

B. I. Sini tsyn and S. G. Tsypin 

The u t i l i z a t i o n  of the removal cross sect ions f o r  t he  computation of 
shielding against  neutrons s t i l l  remains as the simplest and most productive

/75 
method. For t h i s  reason the method of removal cross sections has undergone 
fu r the r  development i n  recent years. There i s  ra ther  extensive mater ia l  i n  the 
l i t e r a t u r e  devoted t o  the  invest igat ion both of the experimental as  w e l l  as of 
the computational s i d e  of the problem (refs. 1-6). 

The authors of the  present work have made an e f f o r t  t o  generalize results 
of invest igat ions per ta ining t o  the  determination and u t i l i z a t i o n  of removal 
cross sect ions i n  order t o  comprehend them c r i t i c a l l y  and a l so  t o  extend the 
scope of appl icat ion of the empirical constants f o r  computing d i f f e ren t  forms 
of neutron shielding. 

Basic Determination. Removal Cross Section 
f o r  Heterogeneous Media 

If a p l a t e  of some heavy substance (d i f fe ren t  from hydrogen) i s  placed i n  
a homogeneous medium containing hydrogen (for  example, i n  w a t e r )  the  l a w  f o r  
the at tenuat ion of neutrons beyond t h i s  shielding may be wr i t t en  i n  the form 

( H  = hydrogen) 

where D (R, T )  i s  the  neutron dose a t  t he  dis tance R from the source; DE (R-T) 

i s  the neutron dose i n  t h e  pure hydrogen-containing material when the  p l a t e  i s  

absent; C i s  the removal cross sect ion i n  em-'; T i s  the  thickness of t he  p l a t e  
i n  cm. When we have a co l lec t ion  of p l a t e s  of the heavy component with d i f f e r 
en t  atomic weights A, expression (1)is  given i n  the form 
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where Zz and Ti a re  the removal cross sect ion and the  thickness of the  l aye r  

substance of the  i - t h  component, respectively.  The quant i ty  Ci which i s  deter

mined experimentally r e f e r s  t o  some minimum dis tance f r o m  the invest igated med
i u m  Rmin a t  which point  xi remains p r a c t i c a l l y  constant within given limits 

(for  example with an accuracy up t o  10 percent).  The physical meaning of %in 
consis ts  of the  f a c t  t h a t  it characterizes the minimum dis tance from which the 

depends one f fec t  of p l a t e  per turbat ion on the spectrum becomes small. sin 
the energy of the incident  neutrons and on the mater ia l  of the plate .  Problems 
associated with var ia t ions  i n  knas a funct ion of the  e f f ec t ive  detector  

threshold value w i l l  be considered below. 

Removal Cross Section for Homogeneous Media 

If the medium cons is t s  of a uniform mixture of hydrogen and a heavy com
ponent, we have 

where D (R, A) i s  the  neutron dose a t  the dis tance R from the source i n  the 
homogeneous medium; DH (R)  i s  the neutron dose a t  the  distance R from the source 
i n  pure hydrogen with equivalent volumetric density; u i  i s  the microscopic re

moval cross sect ion of the P-th component; A i  and pi a re  the atomic weight and 

volumetric densi ty  of the  i - t h  component, respectively.  Ekpression (2) i s  
v a l i d  if the hydrogen concentration i n  the mixture is  approximately 0.3-1 per
cent by weight (ref. 7). 

It should be pointed out t ha t  i n  reference 8 the value of the removal 
Cross sect ion i n  a homogeneous hydrogen-containing medium i s  determined from

/76 
expression 

where N (R, A) i s  the densi ty  of thermal neutrons a t  the  distance R from the 

source; NE (R) = No e-CH(E)R (CE (E) i s  the t o t a l  cross sect ion of hydrogen f o r  

neutrons with a given i n i t i a l  energy E);  0; i s  the  microscopic removal cross 

sect ion which d i f f e r s  from the value a i  determined by means of expression (2). 
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The application of t h i s  expression t o  the determination of removal cross 
sect ion values f o r  oxygen from measurements of thermal neutrons made by a detec
t o r  i n  w a t e r  gives a value of uC, = 0.91 barn f o r  the  f i s s ion  spectrum. On the 

other  hand the  u t i l i z a t i o n  of neutron dosage attenuation i n  w a t e r  and i n  hydro
gen (computed by the  method of moments) gives us a value uo = 0.74 barn. Never

theless ,  i n  se lec t ing  expression (2)  or (2a) we should give preference t o  (2 ) ,  
because i n  the f i rs t  place the  values of the removal cross sections obtained 
from expression (2 )  can be u t i l i z e d  i n  any combination of these elements with 
hydrogen, whereas expression (2a) i s  not always va l id  ( f o r  example, i n  the  case 
when w e  add an element which produces a high absorption of thermal neutrons). 
In  the second place expression (2)  i s  more convenient f o r  computing the shield
ing, because it can be used t o  obtain the value of the dose d i rec t ly ,  whereas 
expression (2a)  i s  va l id  only f o r  the  f l u x  of thermal neutrons. In  the t h i r d  
place expression (2 )  makes it possible, as w e  s h a l l  see below, t o  u t i l i z e  the 
values of the removal cross sect ions i n  order t o  assign the upper group of 
neutrons i n  the multiple group methods of computing neutron shieldings (by 
u t i l i z i n g  the e f fec t ive  energy thresholds above 2- 3 MeV). 

However, the specif ied preference does not ignore the u t i l i z a t i o n  of a 
thermal detector  t o  measure the  removal cross sect ions.  In par t icu lar ,  when 
measurements are made i n  heterogeneous media using the  f i s s ion  spectrum and 
a l so  when using monoenergetic neutrons the thermal detector i s  used with suc
cess .  We must only be sure t h a t  the perturbation produced by the  p la te  i s  
s m a l l  and tha t  f o r  t h i s  reason the  detector  i s  moved away from the p la te  by a 
suf f fc ien t  distance.  This i s  possible because a t  some distances R from the 
source the following relat ionship w i l l  be s a t i s f i e d  

where D ( R ,  T )  and D (R,  0 )  i s  the value of the dose a t  the distance R from the 
source behind the p l a t e  i n  the hydrogen-containing medium and the value of the 
dose i n  the same medium, but without the plate ,  respectively; N ( R ,  T )  and 
N (R ,  0)  are the readings of the thermal detector i n  the  hydrogen-containing
medium a t  the distance R from the  source behind the p la te  and the reading of 
the thermal detector  i n  the same medium, but without a plate ,  respectively.  To 
obtain the  removal cross sect ions i n  homogeneous media the thermal detector  
should be u t i l i z e d  with considerable d iscre t ion .  

Investigations with Sources of Monoenergetic 
Neutrons 

The method of removal cross sect ions w a s  developed with appl icat ion t o  
neutrons having a f i s s i o n  spectrum. I n  ac tua l  cases the i n i t i a l  neutron spec
t r u m  may d i f f e r  from the  f i s s i o n  spectrum (par t icu lar ly  i n  the  range of ener
g ies  below 2-3 MeV). In  such cases it i s  necessary t o  have assurance t h a t  the 
u t i l i z a t i o n  of removal cross sect ions w i l l  not lead t o  s ign i f icant  e r ro r s .  To 
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achieve t h i s  we must know the  energy r e l a t ionsh ip  of t h e  removal cross  sect ions 
f o r  d i f fe ren t  elements--Z,,(E) (re = removal). Then f o r  any neutron spectrum 

S(E)  the  dose a t  t h e  dis tance R from the  source w i l l  be proportional t o  

D ( R )  m J  S(E)  %(R, E )  e-Cre(E)TdE. 
E 

References 3-6 contain extensive experimental material devoted t o  the  in
ves t iga t ion  of t he  re la t ionship  between removal cross  sect ions and the  
energy of incident  neutrons f o r  whole s e r i e s  of various shielding mater ia ls .  

/77 
The r e s u l t s  of t h e  references c i t e d  above m a k e  it possible  t o  construct a r e l a 
t ionship between the  removal cross sect ions f o r  carbon, i ron  and lead  as a 
function of energy i n  the  region of 0.5-15MeV. These re la t ionships  a re  shown 
i n  f igures  1-3 .  

Figure 4 shows the  removal cross  sect ions f o r  oxygen obtained from the  cal
culat ion of the  fast  monoenergetic neutron dose i n  water ( r e f .  9 ) .  The dose 
attenuation of neutrons i n  hydrogen i s  determined by means of  the  expression 

8 j2 En, MeV 

Figure 1. Variation i n  removal cross  
sect ions (1)and i n  t o t a l  cross  sect ions 
( 2 )  as function of energy for carbon: 
0 ,  r e s u l t s  of measurements ( re f .  5 ) ;  

&,removal cross sect ions f o r  energy of 
1 
8 MeV taken from reference 1; A ,  r e s u l t s  
obtained by measuring reverse re laxa t ion  
length i n  carbon ( re f .  22); 0 , t o t a l  
cross  sect ions ( ref .  20) .  
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Figure 2.  Variation i n  removal cross sec
t ions  (1)and i n  t o t a l  cross section (2 )  as 
function of energy f o r  i ron:  0, results of 

measurements ( r e f .  5 ) ;5 , removal cross
I 

sect ion a t  energy of 8 MeV taken from re fe r 
ence 1; A, results obtained from measure
ments i n  heterogeneous mixture of i ron and 
B4C ( r e f .  6 ) ;  0 ,  t o t a l  cross sections ( ref .  

20). Theoretical calculations (D taken from 
reference 3. 

where Do i s  the value of the dose when R = 0; B(R) = 1 + %R; CH i s  the t o t a l  

cross  section of hydrogen fo r  the  given energy; R i s  the distance from the 
source. The expression f o r  B(R) = 1 + % R obtained f romthe  neutron penetra

t i o n  problem using the "dead ahead" method agrees s u f f i c i e n t l y  w e l l  w i t h  
exact calculat ions car r ied  out  by the method o f  moments. 

Thus, f o r  example, when the neutron energy i s  8.1 MeV and R = 120 em, the  
deviation of the approximate equation from the exact one f o r  the case of w a t e r  
i s  25 percent ( ref .  10). 

The analysis of t h i s  reference makes it possible t o  e s t ab l i sh  the f a c t  
t h a t  the  magnitude of removal cross sections var ies  very l i t t l e  for interme
diateandheavy nuclei  i n  the energy range 3-15 MeV. A t  the same time, it i s  
prec ise ly  t h i s  region which i s  cha rac t e r i s t i c  f o r  the f i s s ion  spectrum. For 
such l ight  elements as beryllium boron and carbon the removal cross sect ions 
are subs tan t ia l ly  increased when the energy i s  3 MeV. A subs tan t ia l  var ia t ion  
i n  the  removal cross sections i s  observed i n  the region 0.5-1 MeV (bas ica l ly  
repeating the var ia t ion  i n  the  t o t a l  cross section as a function of  energy). 

On the bas i s  of these rules w e  can make several  conclusions regarding t h e  
u t i l i z a t i o n  of removal cross sect ions i n  a se r i e s  of p rac t i ca l  cases. If the  



Figure 3. Variation i n  removal cross sec
t ions  (1)and i n  t o t a l  cross sect ions (2)  as 
function of energy f o r  lead: 0 ,  results of 

T 
measurements ( re f .  5 )  ;0 ,  removal cross sec-

I 
t i o n  fo r  an energy of 8 ~ e vtaken from ref
erence 1; A ,  results obtained from measure
ments i n  heterogeneous mixture of lead and 
B4C (ref.  6 ) .  Total cross  sections taken 

from reference 20. Theoretical  calculat ions 
0 taken from reference 3. 

i n i t i a l  spectrum of neutrons leading the reactor  i s  not too d i s to r t ed  i n  the 
region 2-3 MeV, it i s  possible t o  u t i l i z e  the removal cross  sect ions determined 
f o r  the f i s s ion  spectrum without introducing subs tan t ia l  corrections.  When 
there  are subs tan t ia l  d i s tor t ions  of the spectrum i n  the  region 2-3 MeV, /78
it is necessary t o  introduce corrections which can be substant ia l ,  pa r t i cu la r ly  
when l ight  materials suchas beryllium,boron or carbon are u t i l i z e d .  The d is 
t o r t i o n  of the spectrum i n  the region 0.5-2.0 MeV does not usually affect the  
results due t o  the strong f i l t r a t i o n  of these energies by hydrogen and may 
serve as a source of e r r o r s  only when the  source o r  the p l a t e  are approached. 

I n  the  case of a homogeneous medium the  removal cross  section f o r  a com
plex spectrum may be determined from the following expression 
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Figure 4. Variation i n  removal cross sec
t ions  as a function of energy f o r  oxygen. 
Results are obtained on basis of expres
sion ( 2 ) ;  dose at tenuat ion i n  hydrogen w a s  
computed by using "dead ahead'' approxima
t ion .  Attenuation i n  water i s  obtained by 
the  following methods: 0 ,computed by 
method of moments (ref. 9) ; .  , obtained 
from experimental results (ref.  5 ) ;  , 
obtained from results using f i s s i o n  spec
tnun ( re f .  1);@, t o t a l  cross sections 
( re f .  20). 

where S ( E )  i s  the dose spectrum of the source, rem/MeV; % (R, E)  ,s the  dose 

attenuation i n  hydrogen. Similarly f o r  a heterogeneous medium w e  have 

( B  = re; cp = med f o r  medium) 

where Dmed (R, E)  i s  the  dose at tenuat ion of neutrons i n  the given hydrogen-

containing medium. The distance R from t h e  source ( o r  from the  p l a t e )  f o r  
which expressions ( 3 )  and (3.) are valid,  of course cannot be too  s m a l l ;  spe
c i f i c a l l y  they should not be taken less than kn.In a pa r t i cu la r  case when 



f 

S(E) represents the  neutron f i s s i o n  spectrum the  v a l i d i t y  of expressions (3) and 
(3.) may be ver i f ied,  i f  we u t i l i z e  the  energy re la t ionship  of removal cross 
sections fo r  carbon, oxygen, i ron  and lead, as shown i n  f igures  1-4. The re
sults of the comparisons are presented i n  t ab le  1. LE 

An invest igat ion w a s  car r ied  out t o  study the  influence of the e f fec t ive  
neutron r eg i s t r a t ion  threshold fo r  t he  region where the  removal cross sections 
are applicable. It w a s  ca r r ied  out f o r  neutrons with an energy of approximately 
15 MeV. Three types of detectors  were used: thermal detector  (proportional 

counter f i l l e d  with BF3), Th232 f i s s i o n  chamber ( e f f ec t ive  threshold 2 MeV) and 

a Cu63 (n, 2n) indicator  (e f fec t ive  threshold 12.8 MeV, ref .  11). B e  
following materials w e r e  studied: aluminum, iron, copper and lead. The re
sults of  the invest igat ions car r ied  out by s. F. Degtyasev, v. I. Kukhtevich 
and B.  I. Sini tsyn are presented i n  tab le  2. A s  we ca.n see f romtab le  2, the 
removal cross sect ions measured by d i f f e ren t  detectors  coincide within the 
l i m i t s  of experimental errors. 

. - . .. ... . _-__ - .. . 

Element 
Removal cross section 

( ref .  13 ), barn 
Xemoval cross section given 
by expressions (3)  and (3a),  

barn 
~. 

Carbon 0.81 f 0.05 0.84 
Oxygen 0.74* 

1.98 f 0.08 
0.67 
1.91 

3.53 f 0.30 3.58 
... ~ ~~ .~ _ _. .- .  

.pi 
36R e s u l t s  of the computations using the  method of moments for  the 
penetration of f i s s i o n  spectrum neutrons through water and 
hydrogen. 

TABLE 2. REMOVAL CROSS SECTION FOR CERTAIN EZEMENTS MEASURED 
BY DETECTORS WITH VARIOUS TERESHOLDS. 
~. 

Element 
BF3 - -. 

Aluminum 2.77 * 0.35 2.85 f 0.16 2.63 f 0.22 
Iron 1.70 f 0.04 1.68 * 0.08 1.81 0.11 
Copper 1.74 f 0.10 1.58 f 0.08 1.45 * 0.19 
Lead 0.99 + 0.05 0.86f o 07 0.83 f 0.08 

. 
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Table 3 shows the  distances Rmin f o r  various detectors .  Measurements w e r e  

car r ied  out i n  water behind the aluminum, iron, copper and lead. W e  can see 
t h a t  as the  e f fec t ive  threshold of the  de tec tor  i s  increased Rmin decreases and 

consequently the  l i m i t s  of appl icat ion of the method are extended. We should 
expect Lnt o  be of the  order of 25-30 cm when a dosimeter i s  used t o  measure 

f a s t  neutrons. 

Investigations Ut i l i z ing  the Fission Spectrum 
Neutr m Sources 

The measurements of removal cross sections f o r  neutrons of the f i s s i o n  /80 
spectrum w e r e  ca r r ied  out using the  LTSF experimental setup a t  the Ok-Riga 
National Laboratory ( ref .  13)  and a l so  by the  authors of reference 3 fo r  cer ta in  
shielding materials. These measurements per ta in  t o  heterogeneous media. The 
results of the measurements are presented, fo r  example, i n  references 10, 8 and 
12. Reference 10 presents t he  r e s u l t s  of measuring the  removal cross sections 
fo r  neutrons.of the  f i s s i o n  spectrum u t i l i z i n g  a collimated beam. A s  a r e s u l t  
the values of the cross sections are subs tan t ia l ly  grea te r  than those presented 
i n  reference 13, a s  i s  t o  be expected. The r e su l t s  of reference 10  cannot be 
used d i r ec t ly  by themselves; however, a comparison of these data  with data  con
tained i n  reference 1 3  make it possible t o  carry out an auxi l iary determination 
of cross sect ion values f o r  such elements as sodium, sulfur, titanium and cad
m i u m .  Measurements i n  p a r t i a l l y  homogenized media such as a m i x t u r e  of i ron  and 
lead i n  w a t e r  have been car r ied  out i n  the  USSR as w e l l  as abroad (refs.  1 3  and 
8) .  The removal cross  sect ions computed f o r  such mixtures are close or coincide 
with cross sect ions obtained from heterogeneous mixtures. 

It should be pointed out t h a t  most of the experiments on measuring the re
moval cross sect ions were car r ied  out f o r  application i n  heterogeneous media. 
The invest igat ion of such mixtures as i ron  and lead i n  water ( refs .  8 and 13)  
should be referred t o  some intermediate category between a heterogeneous and a 
homogeneous medium. Investigations i n  an idea l  homogeneous medium ( r e f .  10) 
showed tha t  the  removal cross sect ion i n  a homogeneous medium i s  somewhat l e s s  
than the removal cross sect ion measured i n  a heterogeneous medium. However, 
t h i s  difference l i e s  within the  l i m i t s  of experimental e r rors .  

65 BF3 

15-20 Th232(n, f )  

5 cu63(n, cu62 
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The determination of the  removal cross  sec t ion  f o r  hydrogen from a mixture 
of CH and CH2 (computation by the  method of moments, r e f .  10) using a f i s s i o n  

spectrum gave a value which coincides with the value measured i n  the  heterogene
ous medium wi th in  5 percent. The ca lcu la t ions  w e r e  ca r r ied  out by u t i l i z i n g  
the  dose attenuation of neutrons i n  hydrogen computed by the  method of moments 
( ref .  14) .  The removal cross  sect ion of oxygen i n  a homogeneous medium f o r  3 
and 1 4  MeV, computed from the  r e s u l t s  of ca lcu la t ing  the  penetration of mono-
energet ic  neutrons through w a t e r  (ref.  9 ) ,  may be compared with t h e  heterogene
ous removal cross  sec t ion .  The comparison has not made it possible  t o  draw 
convincing conclusions i n  view of subs t an t i a l  experimental e r ro r s .  However, w e  
should assume t h a t  the difference i n  the  removal sect ions f o r  a homogeneous and 
a heterogeneous mediumlieswithin the  l i m i t s  of 5-10 percent, o r  we may even 
assume t h a t  t he  cross  sect ions coincide. 

The p rac t i ca l  application of removal c ross  sect ions i s  not exhausted 
merely by the  calculat ions of fast neutron dose. Recently, i n  connection with 
the  development of t h e  multiple group methods of  computing shielding, the re
moval cross  sec t ions  are used t o  assign the  neutron d i s t r ibu t ion  of the  upper 
group or of the  "leading group" as it i s  sometimes ca l led  ( f o r  example, i n  
refs. 2, 8, 15, 16, e t c . ) .  

We should note t h a t  i n  these and i n  o ther  works, as a ru le ,  the  sharp en
ergy boundaries of the  leading group are  not determined. Therefore it is  ex
pedient t o  use the ava i lab le  information and t o  conduct a more de t a i l ed  analy
s is  of the  i n t e r r e l a t i o n  between removal cross sect ions and the  value of t he  
de tec tor  energy threshold. Even i n  the e a r l y  works of Blizard (ref.  l7), 
Chapman and S to r r s  ( r e f .  13)  and i n  others ,  t he  removal cross sec t ion  f o r  f i s 
s ion spectrum neutrons w a s  i den t i ca l  with the  portion of the  t o t a l  neutron 
cross  sec t ion  having an average energy of approximately 8 MeV. This s i t u a t i o n  
can be v e r i f i e d  v i sua l ly  by comparing the  dose attenuation curves i n  water for 
neutrons of the  f i s s i o n  spectrum and f o r  monoenergetic neutrons. It w a s  found 
t h a t  the  dose of attenuation curve f o r  f i s s i o n  spectrum neutrons i s  p a r a l l e l  i n  
the  in t e rva l  of 90-120 cm t o  the dose curve of neutron attenuation f o r  an 
energy of 8 MeV. However, t h i s  does not give us any information f o r  determining 
the  energy in t e rva l  of the  "leading group" of  neutrons. To determine t h i s  i n 
t e r v a l  more prec ise ly  than i t s  lower boundary, another approach can be proposed. 

It follows from t a b l e  3 t h a t  the dis tance sindecreases as the  threshold 

of the  de tec tor  i s  increased. This can be explained by the  f a c t  t h a t  t he  /81-
maximum d i s t o r t i o n  of the  neutron spectrum takes place i n  the region of low en
e rg ie s .  It i s  l o g i c a l  t o  assume t h a t  as the  e f f ec t ive  threshold of t h e  detec
tor i s  increased, only those neutrons w i l l  be recorded whose spectrum i s  prac
t i c a l l y  undistorted, and the  dis tance %in w i l l  tend t o  zero. 

Thus, by using a higher de tec tor  threshold we e s s e n t i a l l y  replace the  
hydrogen-containing medium which serves as a f i l t e r  of lower energy neutrons, 
with t h i s  threshold. On the other  hand, t h i s  i s  equivalent t o  the  measurement 
of the reciprocal  re laxa t ion  length 1/X i n  the  t e s t  medium. Below we s h a l l  
attempt t o  f ind  the  e f f ec t ive  energy threshold of a detector ,  f o r  which the  
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cross section, which i s  obtained by ca lcu la t ions  using the reciprocal  relaxa
t i o n  length of fast neutrons, es tab l i shed  experimentally, w i l l  be close i n  value 
t o  the  removal cross  sec t ion  measured under standard conditions of the  type 
described i n  reference 13.  

Table 4 shows a series of elements f o r  which the removal cross  sect ions 
and t h e  cross sec t ions  obtained from the  rec iproca l  relaxation lengths  of fast 
neutrons i n  the  investigated media are compared. The e f f ec t ive  energy threshold 
i n  beryllium and carbon i s  determined on the  bas i s  of known computed spec t ra
N (E,  R )  ( ref .  10) according t o  the  following expression 

where C(E) represents  t he  cross  sect ion of some ideal ized detector  which can be 
represented i n  the  form 

( n o p =  t h  = threshold)  

k i s  the  normalizing mul t ip l ie r ;  ulIh. i s  the  cross  sect ion computed from the  

reciprocal  re laxa t ion  lengths. Expression (4) i s  val id  t o  subs t an t i a l  dis tances  
equal t o  65 and 72 cm f o r  beryllium and carbon ( the dens i ty  of beryllium i s  

1.84 g/cm3, and the  density of carbon i s  1.67 g/cm3). By varying q h  w e  can 

achieve a s i tua t ion  where ci w i l l  be close i n  value t o  the  removal cross  sec
1/x 

t i o n  given i n  reference 13.  Computations have shown ( t a b l e  4 )  t h a t  the value 
Eth i n  beryllium and i n  carbon i s  approximately 3 MeV. 

TAECE 4. COMPARISON OF REMOVAL CROSS SECTIONS WITH CROSS SECTIONS 
OBTAINED FROM RECLPROCAL RELAXATION LENGTHS. 

Removal cross  sec t ion  Cross sec t ion  from reciprocal  
Element ( re f .  l 3 ) ,  barn re laxa t ion  lengths, barn Detector 

Beryllium 1.07 f 0.06 1.15 (ref.  10) Idea l  de tec tor  
Boron 0.97 f 0.10 1.12 p (n, PI 
Carbon 0.81 f 0.05 0.75 ( ref .  10)  Idea l  de tec tor  
Oxygen 0.99 f 0.10 0.70 ( ref .  18) p (n ,  PI 
I ron  2.00 f 0.06 1.81 (ref .  19) s (n, P> 
Nickel 1.89 f 0.10 1.90 s (n, P) 

Remark: The e f f e c t i v e  threshold for a l l  elements i s  equal t o  3 MeV. 
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For average and heavy nuclei  t h i s  threshold w i l l  be par t icu lar ly  retained, 
because the  var ia t ion i n  the  spectrum of f i s s i o n  neutrons during transmission 
through such media i s  s m a l l .  For the  remaining elements i n  table  4 (beryllium, 
oxygen, iron, nickel)  the cross sect ions establ ished from the  reciprocal re lax
a t ion  lengths are obtained from measurements of three-dimensional neutron d i s 

t r ibu t ions  by means of  P3 (n, p )  Si3 and S32 (n,  p )  P32 threshold detectors .  

Generally speaking the  magnitude of  the  e f f ec t ive  detector  threshold de
pends on the form of the neutron spectrum. A s  a ru l e ,  f o r  f a s t  neutrons the 
e f fec t ive  energy threshold i s  determined under the  assumption t h a t  the /82
neutrons a re  d is t r ibu ted  according t o  the f i s s i o n  spectrum and are ins ide .  The 
bas is  f o r  t h i s  i s  the  s i t ua t ion  t h a t  above 2-3 MeV the neutron spectrum inside 
the medium f o r  average and heavy elements does not depend on the distance and 
i s  s i m i l a r  t o  the f i s s ion  spectrum. If the  composition of the medium includes 
l i g h t  elements, the spec t ra l  d i s t r ibu t ion  may vary subs tan t ia l ly  as we move 
away f rom the source. Consequently the value of the e f fec t ive  detector thresh
old may also change. For some detectors with p rac t i ca l  application the effec
t i v e  energy threshold f o r  the spectrum of  neutrons inside l i g h t  media are de
termined i n  the measurements of the three-dimensional neutron d is t r ibu t ions .  
Such l i g h t  media are  hydrogen, beryllium and carbon f o r  which the three-
dimensional energy d is t r ibu t ions  are known ( r e f s .  10  and 1 4 ) .  The e f fec t ive  
energy threshold i s  determined from the expression 

where C ( E )  i s  the macroscopic cross sect ion of  the corresponding reaction taken 
from reference 20; k i s  the proport ional i ty  f ac to r .  

Equality ( 5 )  i s  not s t r i c t l y  s a t i s f i e d  f o r  various distances R ;  however, 
by varying k and Eth we can achieve the  bes t  matching i n  the  r igh t  and l e f t  

s ides  i n  a wide range of distances R .  I n  t h i s  case the  var ia t ion of Eth a f 

f e c t s  the  slope of the resu l t ing  three-dimensional d i s t r ibu t ion  i n  the right 
side of equal i ty  ( 5 ) ,  while the  var ia t ion  of  k s ign i f i e s  pa ra l l e l  displacement 
along the axis  of the ordinates,  so t h a t  a constant k has the  meaning of  an 
e f fec t ive  cross section of react ion.  

It follows from tab le  5 t ha t  the  e f f ec t ive  energy threshold of  detectors 
P (n, p )  and S (n,  p) i s  equal t o  3 MeV and depends very l i t t l e  on the  form of  
the spectrum. This may serve as a basis  f o r  the  proposit ion t h a t  the e f fec t ive  
energy threshold i s  re ta ined f o r  medium and heavy elements. For oxygen (5

1/x 
i s  

determined from the expression 

, o  


( R );;1e-'"4:7 
.I
c X,,(E)N , ,  ( E ,  R )  R2d E ,  

I 
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TABLE 5 .  EFFECTIVE ENERGYTKRESHOLDFOR VARIOUS NEUTRON DETECTORS. 

Effective energy threshold 

Detector From spectra i n  H2, 
Be, c 

4 
-3 
-5 

6-7 

From the spectrum of 
f i s s ion  neutrons 

( ref .  11) 

1.7 
2.8 
4.7 
7 -0  

where @ ( R )  i s  the  experimentally measured neutron attenuation function i n  
H2° 

water which i s  measured by the  detector P (n, p )  with the  geometric fac tor  ex

cluded; C ( E )  i s  the cross section of reaction P g  (n,  p ) S i 3 ;  NH (E, R )  i s  the
P 

d i f f e r e n t i a l  numerical neutron spectrum i n  hydrogen a t  a distance R from a 
point isotropic  source of the f i s s ion  spectrum. 

The data presented i n  tab le  4 permit us t o  draw a conclusion regarding 
the f a c t  t ha t  the removal cross sections ase close t o  cross sections obtained 
on the basis  of the reciprocal  re laxat ion lengths when the e f fec t ive  reg is t ra 

t i on  threshold i s  near 3 MeV. 1 

It a lso  follows from t ab le  4 tha t  t he  removal cross sections may be /83
applied t o  compute the penetration of  fast f i s s i o n  spectrum neutrons even i n  
media which do not contain hydrogen ( i f  we consider the energy region above 3 
MeV). 

It i s  of in te res t  t o  compare the removal cross sections with cross see
t ions  obtained on the bas i s  of group cross sect ions systems ( r e f .  21). The 

asymptotic solution of the  s ingle  velocity k ine t i c  equation2 i n  the t ransport  
approximation has the  form 

'The cross sections obtained from the  reciprocal  re laxat ion lengths f o r  lower 
values of the e f fec t ive  energythresholdscoincide much l e s s  with the  removal 
cross sections;  t h i s  i s  c lear ly  seen from the  data  i n  tab le  6. 

21t can be shown t h a t  the  asymptotic solut ion of t he  s ingle  veloci ty  k ine t i c  
equation i n  the t ranspor t  approximation coincides with the  asymptotic solut ion 
of the single veloci ty  k ine t i c  equation f o r  i so t ropic  sca t te r ing  i f  i n  the  l a t 
t e r  we m a k e  the subs t i tu t ions  Ctotal -. Ctrensport and 'decay ':ransport' 

111 




where L i s  determined from reference 12  by.means of the  expression 

where Ctr i s  the t o t a l  t ranspor t  cross  section; 
S 


C t r  i s  the sca t t e r ing  t ranspor t  cross sect ion.  

I n  the group approximations the t ransport  cross sec t ion  ( t o t a l  and sca t -
S S

te red)  i s  wr i t ten  as Ctr = Ctr + Cre, where C t r  and C t r  a r e  the  group t ranspor t  

cross sect ion and the sca t te red  t ransport  cross section; Cre i s  the group re
moval cross sect ion.  

We s h a l l  i n t e r p r e t  the  asymptotic cross sec t ion  a s  the cross sec t ion  which 
i s  obtained from the quant i ty  L i n  equation (8) according t o  the expression 

Table 6 presents the removal cross sect ions ore, cross sections obtained 

from the reciprocal  re laxa t ion  length * l / X  
and asymptotic cross sect ions cas 

f o r  the energy group 1.4 - m MeV. 

Conclusions 

On the bas i s  of the r e s u l t s  which have been presented we can draw the /84
following conclusions. 

1. The removal cross sect ions from reference 13 f o r  media containing hy
drogen may be used i n  prac t ice  a t  a l l  times, i f  the  spectrum of neutrons leaving 
the reac tor  i s  not too d i s to r t ed  i n  the region 1.5-3.3 MeV. Exceptions t o  t h i s  
are  l i g h t  elements l i ke  beryllium, boron, carbon, whose removal cross sect ions 
increase i n  t h i s  region of energies,  which must be taken i n t o  account i n  exact  
calculations.  

2. The removal cross sect ions measured i n  heterogeneous media may be used 
t o  compute homogeneous media. The difference i n  cross  sect ions apparently is 
not grea te r  than 5-10 percent f o r  a l l  elements. 

3. The u t i l i z a t i o n  of the removal cross sect ions f o r  computing homogeneous 
media i s  applicable f o r  any dis tances  from the source. The grea tes t  deviation 
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TABLE 6. COMPARISON OF THE REMOVAL CROSS SECTIONS, ASYMPTOTIC CROSS SECTIONS 
AND CROSS SECTIONS OBTAINED FROM THE RECIPROCAL FSLAXATION LENGTHS FOR VARIOUS 
ELEMENTS. 

I Effective , A symptoti.c 
Removal crossI I cross 

Element Removal cross I.--..- I th i.e shold, 
sections, sections obtainedsection energy . I  -

MeV 1.4 - = by other means 
MeV 

Lithium. . . . . 1.01 f 0.04 


Boron. . . . . . 0.97 f 0.10 
0.91 (io) 
1.12* 

7 
3 

Carbon . . . . . 0.81f 0.03 0.75 (10) 3 

Nitrogen . . . . -
Oxygen . . , . . 0.99 f 0.10 
Sodium . . . . . ~ 1.33 f 0.17-* 

-
0.7 (18)~

-

-
-
-

-
0.74 (9)-
1.47 (1, 10)-
1.20 (1, 10)-

Beryllium. . . . 1.07 f 0.06 1.15 (io) 3 


Iron . . . . . . 2.00 f 0.06 	 1.56 (6, 19) 2 
1.81 (19) 3 
1.88 (19) 7 

Nickel . . . . . 1.89 f 0.10 1.90 3 
Copper . . . . . 2.04. f 0.11 i.78-** 2 
Zirconium. . . . 2.36 f 0.12 -

*Cross section obtained from measurements i n  B4C ( r e f .  7) by subtracting C cross section. 
*%ross section obtained from expressions i n  reference 6.  

-Cross section obtained from expression which i s  analogous t o  (6)  by replacing 5 ( E )  L-ith 
f ( E )  where f ( E )  i s  the power of the dose corresponding t o  a unit neutron flux with 
energy E. 

***Cross section obtained from the analysis of data for  the collimated removal cross sections 
( r e f .  8).  

H**Cross section obtained on the basis of the relationship ore = 2/3ut fo r  8 MeV. 
m W r o s s  sections obtained from the interpolation of the curve showing the variation i n  the 

removal cross sections as a function of the atomic number. 
-*Data presented by V.  I .  Golubev and M. N .  Nikolayev. 

lAll figures within parentheses are references. 



from exact computations w i l l  be a t  dis tances  of two t o  th ree  re laxa t ion  lengths  
from the  source, but it w i l l  not exceed 23-30 percent. 

4. To compute the  dose by u t i l i z i n g  the  removal cross  sec t ions  we should 
use the  dose a t tenuat ion  f o r  hydrogen. 

5. For a de tec tor  with an e f f ec t ive  energy threshold of 3 MeV the  cross 
sect ions obtained from the  rec iproca l  re laxa t ion  lengths  i n  media f r e e  of hy
drogen p r a c t i c a l l y  coincide with removal cross sect ions taken from reference 13. 

6 .  An increase i n  the  e f f ec t ive  energy threshold decreases Rm-jn. 

7. To assign the  upper group i n  multiple group ca lcu la t ion  methods we can 
u t i l i z e  the removal cross sect ions from reference 13 by assigning an e f f ec t ive  
energy threshold of 3 MeV t o  them or  by using the  quan t i t i e s  IS

l / h .  
corresponding 

t o  the e f f ec t ive  energy threshold of 3 MeV. 

For the case of hydrogen-containing media the values of the cross  sect ions 
a re  selected i n  the same manner, whereas the a t tenuat ion  of neutrons i n  hydrogen 
must correspond t o  the selected e f f ec t ive  energy threshold. 

8. The asymptotic cross sect ions bas for the  group 1 .4  - MeV a re  close 
t o  the removal cross  sect ions obtained i n  reference 13. 

9. For a more de ta i led  descr ip t ion  of t he  three-dimensional energy d i s t r i 
butions of fas t  neutrons (E > 1MeV) it i s  des i rab le  t o  have a l a rge  se lec t ion  of 
empirical constants corresponding t o  various energy groups i n  the  region of 1-18 
MeV. 

The authors express t h e i r  deep gra t i tude  t o  A. I. Leypunskiy for valuable 
remarks expressed when discussing the r e s u l t s  of the present work. 

The authors are a l s o  g r a t e f u l  t o  I. I. Bondarenko, V. I. Kukhtevich, Yu. A. 
Kazanskiy, A. A. Abagyan, D .  V. Pankratov and A. P. Suvorov f o r  valuable advice 
i n  preparing the  material  f o r  publication. 
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COMPUTATION OF 	 " R O N  DIFFUSION I N  A TWO-DIMENSIONAL PROBLEM 
BY MEANS OF TRE P2-APPROXIMATION 

G. Y a .  Rumyantsev 

The Transport Equations i n  the  P2-Approximation 

The P2-approximation of the  method of spherical  harmonics compared. /85 
with the P1-approximation ( the  elementary theory of diffusion)  i s  an approxi

mation of a higher order, and it i s  therefore  natural  t o  expect t h a t  i n  general 
it should be more accurate.  Nevertheless, t o  date the P2-approximation and 
other even approximations have not received p rac t i ca l  application. The bound
ary conditions which w e r e  customarily assigned i n  the method of spherical  
harmonics ( the  conditions f o r  the continuity of all spherical  harmonics in
dividual ly)  are incorrect  i n  even approximations ( ref .  1). 

It i s  shown i n  refs. 2, 3 and 4 t h a t  the  boundary conditions may be for 
mulated i n  a correct  mathematical-form f o r  approximations of any orders, so 
t h a t  there  i s  no basis  f o r  ignoring even approximations. 

The theory of d i f f b i o n  based on the P
2

-approximation i n  most cases i s  

more accurate compared with the conventional diffusion theory and not a s  
complicated as the  P3-approximation, whereas i n  one-dimensional problems it has 

almost the same order of complexity as the  P1-approximation. 

In  the  present work w e  s h a l l  consider the appl icat ion of the P2

approximation t o  the calculat ion of neutron d i f fus ion  i n  heterogeneous media 
i n  cases when d i f fus ion  takes place not only i n  the d i rec t ion  perpendicular 
t o  the boundaries, but a l so  along them. H e r e  the  difference between the P2
and the  P1-approximations i s  most pronounced. 

W e  s h a l l  assume t h a t  these sources are i so t ropic  and t h a t  t h e i r  power 
i s  described by the  function S .  By solving both equations of the method of 
s.pherica1 harmonics i n  the  P2-approximation we can obtain the  following re

la t ionship  between the  diffusion f l u  I and the  in t eg ra l  f l ux  #, which plays 
the  ro l e  of the  d i f fus ion  l a w  ( i n  place of t he  Fick l a w )  (refs. 1, 2 and 4) 



Here and i n  the  future  

The second re la t ionship  i s  the 

z(J=z- & =2,; 

z, =3 (2-&bo) =3z,,; 

zz = 5 (Z -S,PZ (Po)). 

conventional neutron balance equation /86 

Eliminating I from these two equations we obtain the  following equation for the  
function i 

It can be rewri t ten i n  a d i f f e ren t  form 

7'211)_ _ _  y?[l  _:__\' s =0 (4)-,, I - I  

where 

Obviously the  equation of form (4)  does not d i f f e r  from the conventional 
diffusion equation. 

The important special  feature of equation (1)i s  t h a t  unlike the  Fick l a w  
it i s  a d i f f e r e n t i a l  equation with respect t o  I. Consequently we can have a* component I which represents  the solution of the  homogeneous equation 

3 F"* - - I\. 1" = 0. ( 5 )  
xz 

This p a r t  of the solut ion i s  not associated d i r e c t l y  with function a .  A s  we 
can see from equation ( 5 ) ,  it damps out when the relaxat ion length i s  of the 

order of (qZ2)-1'2, i .e . ,  it d i f f e r s  from zero only near the  boundary. In  

addition, component I* must be subjected t o  de f in i t e  conditions t o  s a t i s f y  
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equation (2 ) .  Solution I* approximates the  nonasymptotic angular d i s t r ibu t ion  
due t o  the  f i rs t  paths of neutrons close t o  the boundary. It introduces addi
tion$ coef f ic ien ts  t o  the  general  solution, so t h a t  it is  possible t o  achieve 
a continuity of not only the normal component of the diffusion f lux  but a l s o  
of the  tangent ia l  components. 

It i s  true t h a t  i n  the  P2-approximation w e  have a discont inui ty  i n  the  

in t eg ra l  f l u x  @.This i s  explained by the  f a c t  t h a t  i n  the P2- approximation 

function @ describes only the asymptotic pa r t  of the neutron flux, which i n  
the exact solut ion must be discontinuous. The continuity of a l l  components 
of t he  diffusion f l u x  i s  important i n  determining the  average e f fec t ive  macro
scopic diffusion coef f ic ien t  of the medium. By using an example of a plane 
l a t t i c e  we s h a l l  show a computation scheme f o r  the  macroscopic d i f fus ion  
coef f ic ien t  i n  the d i rec t ion  p a r a l l e l  t o  the layers  of the medium. The 
neutron diffusion i n  the  transverse direct ion i s  quite w e l l  described even 
i n  the P1-approximation ( ref .  5 ) .  The consideration of t h i s  problem i n  the  
P2-approximation does not present any special  i n t e r e s t .  

Neutron Diffusion i n  a Plane Lat t ice  

L e t  us assume t h a t  i n  a medium composed of plane p a r a l l e l  l ayers ,  the  
z axis  i s  directed across the layers ,  while the  x ax i s  i s  p a r a l l e l  t o  the 
layers .  L e t  us consider a medium whichis semi-infinite i n  the  x direct ion,  
assuming t h a t  the  power of sources i n  any layer  depends l i n e a r l y  on x 

s (x, z)=w ( z )  (a+ bx). 

L e t  us f ind  a solut ion of equation (3 )  i n  a s i m i l a r  form 

CD(x, z )  =cp ( 2 )  (a  +bx). ( 7 )  

(Such a d i s t r ibu t ion  of f lux @ must be established far away from the boundary 
of the medium, i .e . ,  w e  are seeking an asymptotic solut ion.  ) 

The vector equation (1)may be wri t ten i n  the form of two sca la r  /87
equations 

It i s  easy t o  foresee t h a t  Ix w i l l  not depend on x and t h a t  Iz should be 
sought i n  the form 



IL=Q ( I )  (a-b bx). 

Then equations (8) and (9) w i l l  have a more concrete form 

To these equations w e  m u s t  add equation ( 2 ) ,  which i n  t h i s  case assumes the  
form 

-. (? .I, .+ =sdt 

(13) 

or by taking i n t o  account ( 6 ) ,  (7 )  and (10) 

i l g,lz'-1- Zocp =W. (14) 

It is  obvious t h a t  equations (12) and (14) form an independent subsystem, 
while equation (11)may be solved after the  subsystem. L e t  us f ind  the  solu
t i o n  of the equations f o r  a s ingle  layer. 

a
W e  d i f f e ren t i a t e  equation (12) with respect t o  z and then eliminate -qaZ 

by means of equation (14) .  A s  a result we obtain 

For simplici ty  we s h a l l  assume t h a t  f o r  each layer  t he  density of  sources does 
not depend on z, i .e., w ( z) = const; then 

[ (1 +37)&2,z0] cp+x,w=o. 

The solut ion of equation (16) i s  w e l l  known 

where 

We now tu rn  t o  equation (12) 
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- -  -- 

From t h i s  we have 

or by taking i n t o  account expression (17) 

This so lu t ion  could a lso contain the  cha rac t e r i s t i c  solut ion 

4"'(Z )  = A; sh X ~ Z+BI ch X ~ Z ,  

where ttl is  the addi t iona l  cha rac t e r i s t i c  number; /88 

However, A-i and B i  must be assumed t o  be equal t o  zero, because otherwise 

equation (14) cannot be s a t i s f i e d .  

The coef f ic ien ts  A
0 

and B
0 

are determined by conditions a t  the  ex terna l  

boundaries of the  medium o r  by the  proper t ies  of symmetry and a l s o  by the  con
t i n u i t y  conditions f o r  the  functions ( ref .  4) 

4X" 1s
I
Z 

and (1) (1 +-,,
"2 -> x2 

The continuity of funct ions (21) i s  equivalent t o  the  cont inui ty  of functions 

q ( z )  and cp(z)( 1 +A?-)---- 'lw(4 
2 2  & * 

As we can see, t h i s  first p a r t  of the  computation depends on t h e  quant i ty  
b.  	 Consequently the  es tab l i shed  so lu t ion  w i l l  be v a l i d . a l s o  f o r  t he  one-
dimensional problem corresponding t o  the  case b = 0. If, on t h e  o ther  hand, 
b # 0, it i s  necessary t o  solve .equation (11). Its so lu t ion  w i l l  have the  
f a r m  



* 
Here I i s  the  sqlut ion of the homogeneous equation

X 

which must not be equal t o  zero, because equation (13) does not place any re
quirements on it. L e t  us rewri te  solut ion (23),  taking in to  account expres
sions (17) 

+-z+A, ch x i2  +Bi sh x i 2  1S G  b p  (2).EO 

Coefficients A1 and B
1are determined from the  known propert ies  of the 

solution . a d  from t h e  conditions of continuity f o r  the  functions ( re f .  ,4) 

or 


If the  layer  medium i s  a periodic l a t t i c e ,  we can determine the average 
macroscopic f l u x  (Ix} i n  the  following manner 

where 1 is  the p i t ch  of the  l a t t i c e .  

*The average d i f fus ion  coef f ic ien t  may be de-ermine1 by various means de
pending on the form used t o  wri te  down the macroscopic d i f fus ion  l a w .  If the  
macroscopic d i f fus ion  l a w  i s  wri t ten i n  the  P2-approximation 
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then 

If, on the other  hand, the macroscopic behavior of neutrons i s  de- /89
scribed by the  P1-approximation 

then 

4 q )  4w 
The averaging of functions cp and cp (1+ -) - -must be car r ied  out  i n  a man

=2 c2 
ner analogous t o  (28). For a nonabsorbing medium without sources the  d i f f e r 
ence between the  two cases which have been mentioned disappears. 

The macroscopic d i f fus ion  coef f ic ien t  fo r  a double layer  nonabsorbing 
la t t ice  without sources, obtained by the  method described above, has the  form 

where h and h f  are the  thicknesses of the layers .  Comparing the  results shown 
by equation ( 3 3 )  with the  results of Y a .  V.  Shevelev ( re f .  5 ) ,  w e  see tha t  the 
maximum e r r o r  of equation (33) i s  approximately 6 percent ( the  comparison w a s  
ca r r ied  out f o r  a lead-water l a t t i c e ,  ( r e f .  4 ) ) .  

The continuity of I, i n  the  P2-approximation and i n  other even approxi

mations makes it possible f o r  us t o  maintain t h a t  the equations f o r  <D$ ' 
s i m i l a r  t o  equation (33),  obtained i n  some even approximation, f o r  small-layer 
thickness w i l l  give t h e  fusion coef f ic ien t  of  the homogeneous mixture, which 
i s  a correct  physical result. Equation (33) also has these propert ies .  On 
the other  hand, i n  approximations of odd order t h i s  t r ans i t i on  must not ex i s t ,  
due t o  the discont inui ty  of the  f l u x  Ix which i s  retained no'matter how s m a l l  
the  thickness of the  layers. 

Obviously the  methodology which has been described a l so  m a k e s  it possible 
t o  f ind  the  real diff 'usion coef f ic ien t  D, a t  each point of the medium. How
ever,  it w i l l  then be a function of z . 



--- 
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INVESTIGATION OF THE ACCUFUICY OF VARIOUS APPROXIMATIONS IN THE 
PROBLEM OF THREE-DIMENSIONAL ENERGY AND ANGULAR DISTRIBUTION 

O F  NEUTRONS 

V. M. Veselov 

When invest igat ing the accur.acy of various approximate methods f o r  /89
solving the k ine t i c  equation which describes both the three-dimensional t ransport  
as  wel l  as  the re ta rda t ion  of neutrons (from the point of view of applying these 
methods t o  analyze shielding) ,  it i s  pa r t i cu la r ly  important t o  invest igate  /90
the degree t o  which these methods give a s a t i s f ac to ry  descr ipt ion of the d i s 
t r ibut ion:  ( a )  of f a s t  neutrons, which make a subs tan t ia l  contribution t o  the 
parer of the dose, and (b) l o w  energy neutrons, which produce a strong y
radiat ion when they are captured by the nuclei  of various elements. 

In  the present a r t i c l e  we consider the lower approximation methods of 
spherical  harmonics (P1, P2, P3) and some of t h e i r  modifications on the bas i s  of 

the simplest problems of the three-dimensional and angular d i s t r ibu t ion  of neutrons 
from a two-dimensional i so t ropic  monoenergetic source i n  an i n f i n i t e  homogeneous 
medium. In  t h i s  medium, absorption, the e f f e c t s  of chemical bond and i n e l a s t i c  
sca t te r ing  a re  absent, the  mean f r e e  path 1 i s  constant, sca t te r ing  i s  i so t ropic  
i n  the system of the mass center.  

This r e l a t i v e l y  simple problem i s  important, because it considers the prob
lem i n  the "pure" form, avoiding a l l  types of side e f f e c t s  which would be mani
fested i n  a problem of grea te r  r e a l i t y  and which would subs tan t ia l ly  complicate 
the picture  of the convergence of various approximations. Furthermore, t h i s  
problem has a solut ion obtained by Wick ( r e f s .  1 and 2) f o r  a moderator with a 
nuclear mass M = 1 for  u >> 1 a t  shor t  distances from the source and with uz >> 1 
a t  la rge  distances ( i n  the case M > 1 these conditions, respectively,  transform 
in to  u/S >> 1and U Z / ~  >> 1). The problem i s  a l so  solved by Bethe, Tonks and 
Hurwitz ( r e f .  3) ( i n  the B2-approximation) f o r  the case M = 9 under the con

d i t i o n  u/{ >> 1. These solut ions have been u t i l i z e d  a s  "exact" solut ions and 
a l l  other  approximate solut ions have been compared t o  them. 

The Wick method, which i s  a l so  described i n  the works of Marshak ( r e f .  4) 
and Devison ( r e f .  5 ) ,  and which i s  rigorously proved by M. V. Maslennikov ( r e f .
6), includes the u t i l i z a t i o n  of an expansion. i n  terms of the Legendre poly
nomials. It i s  therefore  convenient t o  apply it t o  the solut ion of the fo r 
mulated problem. However, t h i s  method, which i s  somewhat modified when it i s  



applied t o  the so lu t ion  of the problem i n  the PN-approximation, although it 

gives a suf f ic ien t ly  good answer t o  the second problem formulated above, does 
not give a s a t i s f ac to ry  answer t o  the  first,  because it i s  applicable only f o r  
r e l a t i v e l y  high moderations. 

To f i l l  t h i s  gap it i s  useful  t o  study the  energy moments from the dens i ty  
of co l l i s ions  per u n i t  i n t e rva l  of energy, i n  addi t ion t o  .studying the densi ty  
of co l l i s ions  per  u n i t  i n t e r v a l  of le thargy  I (2, u, p)  when u/5 >> 1. I n  other  
words, it i s  convenient t o  invest igate  the i n t e g r a l s  

which character ize  the d i s t r ibu t ion  of neutrons whose energy increases  as n 
increases.  In  t h i s  case the following obvious re la t ionship  must be s a t i s f i e d  

‘1’ ( E )d l i  = ‘I’ (u)du. 

We note t h a t  a s  u increases,  the convergence of the method of spher ica l  har
monics improves, because the anisotropy of the  angular d i s t r ibu t ion  of neutrons 
which undergo a la rge  number of co l l i s ions  with the  nuclei  i s  subs t an t i a l ly  
less. Therefore, i n  the  inves t iga t ion  of the funct ion Y (z, u, p)  a minimum 
lethargy was selected f o r  which the Wick conditions were s t i l l  s a t i s f i e d .  

We expand the densi ty  of co l l i s ions  Y (z, u, p) and the sca t t e r ing  function 
f (Po, u-u’) i n  series of Legendre polynomials and subs t i t u t e  them i n t o  the k i 

ne t i c  equation f o r  the given problem. After the usual transformations we  obtain 
a system of equations 

Here the mean free path 1 i s  taken a s  the u n i t  of length; 6m i s  the /91Kronecker symbol; 0 
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are  the  m-th harmonics of the  densi ty  of co l l i s ions  and the  sca t te r ing  function; 
r i s  the in t e rva l  of co l l i s ions .  

During the solut ion of the  problem i n  the PN-approximation we  l i m i t  our

selves t o  (N + 1)equations, i .e . ,  N takes on the values 0, 1, 2, ..., ( N - l ) ,  N. 

I n  the system of equations (l), wri t ten  i n  the PN-approximation, we adopt 

the Laplace transformation with respect  t o  the le thargy with parameter 7 and 
the Fourier transformation with respect  t o  the coordinate with the parameter k. 
As a r e s u l t  we obtain the following system of equations 

where 

Ym ( z ,  u )  i s  now obtained by means of the inverse Laplace-Fourier transformation 

-iw a-iw 
(4) 

It i s  d i f f i c u l t  t o  express the function Gm (7, k )  (from equation l a )  i n  the form 

convenient f o r  integrat ion.  Therefore in tegra ls  (4) a re  approximated. By in
vest igat ing the system of equations ( l a )  we can conclude t h a t  ( r e f s .  1 and 2)
Y, (7 ,  k)  has poles a t  the points  7 = 7 (k)  i n  the complex 7-plane; the mul

tivalued function 7 (k)  i s  determined from the condition t h a t  the determinant 
of system ( l a )  i s  equal t o  zero. Wick showed t h a t  f o r  N = one of the  poles 
f o r  0 s k s 1 l i e s  on the real axis and i s  grea te r  than zero, while the remaining 
poles have a r e a l  pa r t  l e s s  than zero and play a minor ro l e  when u a re  la rge  
(when M > 1the condition u/5 >> 1 i s  required i n  place of u >> 1). This i s  
a l so  t rue  f o r  a f i n i t e  N, but i n  t h i s  case k l i e s  i n  the in t e rva l  0 s k s k l >  1. 

Therefore the in t eg ra l  of the inverse Laplace transform may be taken by means 
of the theory of residues; the in t eg ra l  of the inverse Fourier transform i s  
taken by the saddle point  method. We now obtain an equation which i s  analogous 
t o  the Wick equation (ref. 2) 

I 




The saddle point k
0 
in the saddle point method is obtained from the con

dition 

-2 tq‘ (h,) I1 =0. 
( 5 4  

Equation (5) may be applied to solve the problem in various approximations, 
and in this case only ‘ll(k) and Rm (k) will have a form which depends on the se

lected approximation. Rm (k) is obtained from the equations 192 


where 8 - l  is the minor of the basic determinant of the system of equations (la),
m-1 


formed by the first m lines and columns with numbers from 0 to m-1. Q01#n are obtained from equation (1). 

By utilizing equation (5) we can find Y0 
(2, u)--the integral density of 

collisions over the angles, and also Y (z, u), which gives us the angular dismtribution of neutrons at various distances from the source. 

The basic difficulty associated with the solution of the problem in the 
PN-approximation consists of finding r( (k) and two of its derivatives by the 

method of the successive approximation and tabulated differentiation. This is 
complicated by the form of the function gm (ll) (ref. 3) when M > 1, which makes 

it necessary to apply interpolation up to the fourth degree. The problem of 
finding 7\ (k) may be simplified, if we expand gm (1)in Taylor’s series of 7 

and limit ourselves to a certain number of terms corresponding to the order of 
the PN -approximation 

Let us consider the coefficients of the Taylor series 
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-- 
1 0  
n 

=( - 1)" \ t"/,,, ( 1 )  t/l ( - 1)" c;,, 
0 

where In is the n-th moment of the m-th harmonic.of the scattering function which 

is easymto determine for any values of m and n 


2M3- 6M+ 4 6Mz-10 .
/ I = = = - ----nu

1 - t o  12M 9M ' 
(9) 

If we solve the problem in the P1-approximation and limit ourselves to two terms 


for m = 0 in equality (7)and.toone term for m = 1, we obtain the age approxi
mation; if we leave one more term for m = 0 and for m = 1, we obtain an approx

-
imation which will be called P1c2 in the future. Similarly, when solving the 
problem in the P2 -approximation, if we leave two terms in equality (7)for /94 
the case m = 0, one term for the case m = 1 and no terms for the case m = 2, 
we obtain a P2-age approximation; if we leave an extra term everywhere we ob

tain the approximation P25-2. 
The integral density of collisions over the angles Y

0 
( 2 ,  u) computed by 

-
the above method in the P1, age, P2, P2-age, P 

2 
52 , P

3
-approximations is shown 

in figure 1 for a moderator with M = 1 for a fixed lethargy u = 10. 

Figure 2 shows the calculation results for the angular distribution of neutrons 
of lethargy u = 10 at various distances fromthesources, when M = 1 in the P 1 '  
P2-, P

3 
-approximations. This figure also shows the curves for the angular 



\ 
-
15 


Figure 1. Variation in logarithm of density of collisions 
as function of distance to source (expressed in terms of 
mean free path length) with fixed lethargy u = 10 for a 
moderator with M = 1: 1,Wick solution; 2, P

3
-approximation; 

3 ,  P2 -approximation; 4, P25
-2-approximation; 5, P2-age 

approximation; 6, P1-approximation; 7, age approximation. 


distribution of neutrons of lethargy u = 10 at various distances from the sources, 
when M = 1 in the Pl-’ P2 

-,P3-approximations. This figure also shows the curves 

for the angular distribution in the P4-approximation obtained by an evaluation 


utilizing the results of calculations in the P
3
-approximation, using an approx

imate equation which is easy to derive 

where k0 for a given z is taken fromthe calculation of the P m-approximation. 


2
p25 -approximations fo r  M = 9 and u = 3 are shown in figure 3, while figure 4 

shows the angular distribution for the same case in the Pl-, P2- and P3-approximations (estimation). 
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Figure 2. Angular d i s t r ibu t ion  of neutrons i n  moderator 
with M = 1 and fixed le thargy u = 10 for various dis tances  
z from source: 1, P4-approximation (evaluation);  2, p3

approximation; 3, P2-approximation; 4, P
1

-approximation. 

A discussion of the r e s u l t s  obtained u n t i l  now, as we have already s ta ted ,  
makes i t  possible t o  answer only the second question concerning the accuracy 
with which the various approximations describe the d i s t r ibu t ion  of low energy 
neutrons. To c l a r i f y  t h e i r  accuracy i n  describing the d i s t r ibu t ion  of f a s t  neu
trons we consider the i n t e g r i l s  

when n = 1 t h i s  i s  simply the energy f l u x  of neutrons since 1 = 1. 

It is easy t o  show t h a t  
m 



0 5 IO I 

Figure 3. Variation i n  logarithm of densi ty  of neutron 
co l l i s ions  with le thargy u = 3 as function of distance 
t o  source ( i n  terms of mean f r e e  path length) f o r  mod
e ra to r  with M = 9: 1, solut ion of Bethe, Tonks and 
H w i t z ;  2, P2- approximation, 3, P2-age approximation; 

4, P1-approximation; 3, pl<-2-approximation; 6, age
-

approximation; (P2E2-approximation coincides with Bethe, 

Tonks and Hurwitz solut ion t o  distance of z = 17). 

i . e . ,  it i s  su f f i c i en t  t o  invest igate  J"n ( z ) .  This i s  eas i e r  than invest igat-

Fng Y (z ,  u, p), because i n  t h i s  case it i s  not necessary t o  take the inverse 
Laplace transform. $ may be wr i t ten  i n  the form 



The function @ 0 (7, k) calculated i n  the  PN-approximation has k poles i n  the  com

plex plane s i tua ted  a t  the  points  k 
O i  

. Their number depends on the number N of 

the P
N

-approximation. Therefore we can w r i t e  

where k 
O i  

i s  determined f o r  any ‘Il= n from the condition t h a t  the determinant of 

the system of equations ( l a )  i s  equal t o  0; the residues a re  found eas i ly .  The 
calculat ion of the quan t i t i e s  and 

2 
as  a function of z was carr ied out  f o r  a 

1 

moderator with M = 1 and M = 9 i n  various approximations and is  represented i n  
tab les  1 (M = 1) and 2 (M = 9 ) ,  where a l l  of the approximations are com- /97
pared with P4 f o r  d i f f e ren t  values of z. 

The expressions J*
1 

( z )  and J“R ( z )  under the i n t e g r a l  s ign i n  terms of u f o r  
2 

ce r t a in  values of z were obtained for the case M = 
Tonks and Hurwitz so lu t ion  ( r e f .  3 ) .  The graphs of 

TABLE 1. 

P 1 / P r  p1/1’4 

I 
2 1,279 0.970 I 0.954 1,048 
6 0,667 0,418 

12 0,179 0,054 
20 0,030 0,608 O,!m 

-30 0,406 0,859 


. . . . .  . - .  

TAB= 2. 
. . . . .  

Z 
I * : ,  . / ‘ 4  I ‘ I  , ‘ I*,  

I .  1.512 I, 11); II ,  !I! I O  . . . .  
t i  lI*!1l5 1.002 0, ”I 

12 0 ,ci! I!] I ,0011 I).:IO1 
20 O,.I(i;S 4),!1!)4. 0,158 
30 0,280 0,987 0.049 
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9 by calculat ion from the  B e t h e ,  
these quan t i t i e s  are shown i n  

1’3/1’4 

0 832 0,77:1 
1,014 1,012’ 
0,662 0,051 
0,337 0,815 
0,148 0,672 

~ ~ _ _ _  

0 ,!I!) I tI,!Il!7 
1,018 I ,007 
0,!)16 0,!1!)3 
0,i 8 ! )  0 ,!)6!1 
0,GI 0,937 



Figure 4. Angular d i s t r i b u t i o n  of neutrons of le thargy  
u = 3 i n  moderator with M = 9 a t  various dis tances  z 
from source: 1, ap approximation (estimation);  2, P*

approximation; 3, P1-approximation. 

f i b r e s  5 and 6. They make it possible t o  evaluate the energy of neutrons which 
make the m a x i m u m  contribution t o  (z) and J-# ( 2 ) .

2 

Discussion of Results 

We make a qua l i t a t ive  comparison of the solut ions of the problem i n  d i f f e ren t  
approximations with the "exact" solut ions of Wisk, Bethe and others.  

P1-approximation. We can see from f i g .  1 t h a t  the P1-approximation f o r  

M = 1 gives us an increased value of co l l i s ions  densi ty  Yo (z, u)  a t  dis tances  to 

1 0  mean f r ee  path lengths.  This can be explained i n  the following manner. Scat
t e r ing  by nuclei  with M = 1 i s  characterized by a la rge  release of energy, so t h a t  
the energy of the neutron can immediately vary from E

0 
t o  t he  thermal energy and 

inverse sca t te r ing  does not take place.  Therefore the  angular d i s t r ibu t ion  of 
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0 
neutrons has a strong maximum a t  8 = 0 even a t  r a the r  small dis tances  from the 
source (e  i s  the angle between the d i rec t ion  of the neutron path and the normal 
t o  the source plane).  The first Legendre polynomial alone cannot describe t h i s  
strong anisotropic re la t ionship  su f f i c i en t ly  well .  This inaccuracy which ex
tends t o  a distance of 10 mean f ree  paths i s  characterized by the decrease i n  
the number of neutrons which t r a v e l  a t  small angles and an increase i n  the num
ber of neutrons which t r a v e l  a t  angles close t o  90" ( f i g .  2 ) .  

However, it i s  known t h a t  neutrons which are  scat tered over small angles 
possess the highest  p robabi l i ty  f o r  moving f a r  away from the source. Conse
quently i n  the P1-approximation a smaller number of neutrons has a chance t o  

penetrate a grea t  distance compared t o  what ac tua l ly  takes place. This pro
duces a buildup of neutrons near the source and a decrease i n  t h e i r  number a t  
l a rge  distances from the source. Therefore it i s  not expedient t o  u t i l i z e  the 
P
1

-approximation f o r  a moderator with M = 1. The e r r o r  i n  ( z ,  u) reaches a 
0 

value of 15 percent a t  a distance of approximately f i v e  mean f r ee  paths even 

- - . .. . 
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Figure 5.  y0(z,  u)e-" a t  d i f f e ren t  distances from 

source i n  B2-approximation. Function i s  normalized 
cd 

so t h a t  [ Y0(z, u)e-U du = 1. 
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Figure 6. Yo(z, u)-e a t  d i f f e ren t  dis tances  from 

source i n  B
2

-approximation. Function i s  normalized 
aD 

i n  such a way tha t  6 Y0(z, u)e-% du = 1. 

f o r  neutrons of r e l a t i v e l y  small energy (u = 10).  For la rge  energies the devi
a t ion  of the solut ion i n  the P

1
-approximation from the "exact" so lu t ion  i s  even 

e 
grea ter ,  because i n  t h i s  case we take i n t o  account neutrons which have undergone 
a smaller number of co l l i s ions  with the moderator nuclei  and t h e i r  angular d i s 
t r i bu t ion  i s  even more anisotropic.  

Everything t h a t  has been s ta ted above, but t o  a l e s se r  degree, may be r e 
ferred t o  a moderator with M = g. However, i n  t h i s  case the anisotrophy of the 
angular d i s t r ibu t ion  i s  l e s s  so t h a t  the e f f e c t s  described above are much weaker. 
A t  distances up t o  nine mean f r ee  paths when u = 3, the e r r o r  does not exceed 
5-6 percent ( f igs .  3 and 4) .  A t  large distances the P1-approximation /98 
f o r  M = 9 becomes unsatisfactory; when z = 12, the e r r o r  is  grea te r  than 25 
percent. 

P
2-

approximation. The P
2

-approximation both for  M = 1 and f o r  M = 9 tu rns  

out t o  be subs tan t ia l ly  more accurate than P1 ( f ig s .  1 and 3).  This i s  ex

plained by the f a c t  t h a t  when we take i n t o  account the second Legendre poly
nomial, we subs tan t ia l ly  re f ine  the angular var ia t ion  of the function Y (2, u, p) 



compared with the P1-approximation (figs. 2 and 4).  The difference between the  

quant i ty  Yo ( 2 ,  u) computed "exactly" i n  the  P2-approximetion reaches the value 

of 10 percent only a t  d i s tances  equal t o  approximately 20 mean free paths i n  the 
case M = 1, u = 10 and 12  mean free paths i n  the case M = 9, u = 3, which i s  
incomparably b e t t e r  than i n  the  P1-approximation. 

P3-approximation. The angular and s p a t i a l  d i s t r i b u t i o n  i n  t h i s  case i s  even 

b e t t e r  than i n  the  P2-approximation ( f ig s .  1 and 2) .  A t  a dis tance of 25 mean 

free paths the e r ror  does not exceed 3 percent f o r  M = 1. 

L e t  us now consider o ther  approximations which r e s u l t  fran P
1 

and P 
2 

a f t e r  

s implif ied assumptions a re  made concerning the energy re la t ionship  of the scat-
-

t e r ing  function, i .e., the  age approximation, P s2 approximation, P2-age approx- 1 
imation, P 5 2-approximation. 

2 

Age approximation. This approximation i s  obtained from P
1 

i f  we neglect 

a l l  moments of the  sca t t e r ing  function except 5 and 
0' 

i . e . ,  t h i s  approximation 

i s  within the framework of the P
1

-approximation. 

It then follows t h a t  t h i s  approximation i s  applicable only i n  the  case when-
P
1 

produces sa t i s f ac to ry  r e s u l t s  and the  quan t i t i e s  S 2  and A 5
0 

are  s m a l l .  

When M = 1, both propositions a re  untrue, but nevertheless, a s  we can see from 
f igure  1, a t  s m a l l  d is tances  from the  source the  age approximation i s  substan
t i a l l y  b e t t e r  than P1' However, a t  l a rge  dis tances  it i s  not a s  good which, 

however, i s  not s ign i f i can t  because a t  t h i s  point P1 i s  e n t i r e l y  unsa t i s fac tory .  

Therefore i n  the case M = 1 a t  small dis tances  it i s  advantageous t o  u t i l i z e  the  
age approximation r a the r  than P

1 
as  being much simpler and more accurate. There-

- -
fore  there  i s  a l s o  no reason f o r  taking i n t o  account E 2  and Aup0, because the -
approximation P z2 obtained i n  t h i s  manner must be c loser  t o  P than the age

1 1 


approximation and consequently i s  less accurate than the l a t t e r .  

It can be shown t h a t  when we  t r ans fe r  from P
1 

t o  an age approximation, 
- -

the  dropping of 5* and Aup
0 

which are  la rge  when M = 1 (equal, respect ively,  t o  

2 and 4/9) i s  equivalent t o  a change i n  the sca t t e r ing  function, such t h a t  a 



l a rge  number of neutrons a re  sca t te red  over small angles, i .e. ,  the angular d i s 
t r i b u t i o n  i n  t h i s  case improves and the s p a t i a l  d i s t r i b u t i o n  a l s o  improves.-

I n  the  case M = 9, the  s p a t i a l  d i s t r i b u t i o n  i n  P , P 52 and i n  the  age ap
1 1 

proximation coincide a t  small distances from t h e  source ( f i g .  2 ) .  This i s  ex-
-

plained by the f a c t  t h a t  f o r  M = 9 x2 and Aup are small (+ 0.039 and -0.058)
0 -

and t h e i r  e f f ec t  i s  not y e t  f e l t .  On the  o the r  hand, a t  la rge  dis tances  5 2  
-

and Aw0 become subs t an t i a l  and must be taken i n t o  account.-
W e  should note t h a t  the  quan t i t i e s  s2 and A- a f f e c t  Yo (z, u) i n  one d i 

r ec t ion  and t h e i r  e f f e c t  is  approximately of the  same order so t h a t  it i s  log--
i c a l  t o  apply the P z2 approximation r a the r  than the Greyling-Hertzel approx1 

-
imation which does not take i n t o  account Aup

0 -
W e  can a l s o  see from f i g .  3-

t h a t  the e r r o r  incurred i n  going from approximation P1 t o  P1t2 i s  directed i n-
such a way t h a t  the approximation- P15' tu rns  out  t o  be more accurate than P,. 

~ L 


The.P2 age and P25 2 approximations. For M = 1 the  curves f o r  these approx

imations coincide completely up t o  dis tances  of 25 mean f r e e  path lengths  ( f i g .  
1). It i s  d i f f i c u l t  t o  inves t iga te  the  reasons f o r  t h i s  i n  d e t a i l .  Apparently- -

-
the  e f f e c t  produced by the quan t i t i e s  5 2 , Aupo, 3 p$ - i s  mutually compen

2 
sated i n  a pa r t i cu la r  moderator, such a s  the moderator with a nuclear mass of 
M = 1. -

I n  the case M = 9,  the  approximations P
2

-age approximation, the  P252 and 

Po-approximations coincide a t  s m a l l  distances, while a t  l a rge  dis tances  the-
2 consideration of 5 ,Aup and -3 -p2- -1 correc ts  the sharp drop of the curve / s g0 2 0 2  

i n  the P2- age approximation ( f i g .  3).  I n  t h i s  case it also turns  out  t h a t-
P2Z2 i s  c loser  t o  the  "exact" solut ion than P

2' 
which i s  important, because -

calculat ions i n  the  P2<2 approximation are  subs t an t i a l ly  simpler than the calcu

l a t i o n s  i n  the  P
2

-approximation. 

c 



These considerations make it c lea r  t h a t  i n  computing the d i s t r ibu t ion  of-
n 

neutrons with small energies approximations P2 and P
2
s z  represent a g rea t  s t ep  

forward compared t o  P
1 

and the  age approximation. 

L e t  us now discuss the r e s u l t s  presented i n  t ab le s  1 and 2. F i r s t  of all 
we note t h a t  the approximations which take i n t o  account only a f i n i t e  number of 
moments f o r  the sca t t e r ing  function cannot describe the in t eg ra l s  JZ cor rec t ly  
fo r  M = 1. 

Indeed, i n  t h i s  case g
0 

( 7 )  has the form 

1 go ( ' I )  =:- 1-11 

and when r\ > 1, expansion (7) loses  i t s  meaning. Therefore when inves t iga t ing  
J*1 (z) and J* (z) these approximations are  not considered. If M > 1, the s i t 

2 

uat ion i s  d i f f e ren t  and expansion (7) may be achieved when 7 > 1. However, the 
convergence of (7) i s  not a s  good when Tl increases,  and when 7\ i s  g rea t e r  than 
'T$, it disappears completely. Therefore, i n  computing J* (z) these approximations

L 

can s t i l l  be used, and they give approximately the same r e s u l t s  as obtained i n  
the calculat ion of Yo (z, 3). However, the computation of J*2 (z) i n  these ap

proximations leads t o  unsa t i s fac tory  r e s u l t s .-
Therefore the age, P1s 2, P2-age, and P s2 approximations cannot be used i n  

2 
computing the d i s t r ibu t ion  of neutrons with high energy. I n  tab les  1 and 2 only 
the P 

1
-,P 

2-, 
and P

3
-approximations are  compared with P

4' 
Table 1, which r e f e r s  t o  M = 1, shows t h a t  i n  order t o  compute the d i s t r ibu 

t i o n  of f a s t  neutrons approximation P1 i s  unsuitable i n  pract ice;  P2 may be used 

only f o r  shor t  dis tances  from the  source ( z  < lo), while P
3 

turns out t o  be sub

s t a n t i a l l y  be t t e r .  
$

In  the case M = 9 the maximum contr ibut ion t o  the  i n t e g r a l  J1 ( z )  a t  d i s 
tances up t o  20 mean f r e e  path lengths yield neutrons with l e tha rg ie s  up t o  
u = 6 ( f ig .  5 ) .  Therefore the convergence p ic ture  f o r  d i f f e r e n t  approximations 
i s  approximately the same a s  f o r  \Y (2, u) when u = 3. Approximations P and P

30 2 
describe J* (2) qui te  wel l  up t o  z = 30. The basic  contr ibut ion t o  the  i n t e g r a l

1* J2 (z) i s  made by neutrons with smaller l e tha rg ie s  ( f ig .  6). Therefore approx

imation P
1 

becomes e n t i r e l y  unsuitable when z > 10, and P2 i s  subs t an t i a l ly  b e t t e r  



than t h l s ,  but subs t an t i a l ly  worse than P
3 

( the  e r r o r  f o r  z = 20 i s  20 and 6 
per cent respect ively ) . 

In  conclusion the author expresses h i s  g ra t i t ude  t o  V. V. Orlov and G. Y a .  
Rumyantsev f o r  formulating the problem and f o r  t h e i r  constant a t t en t ion  while 
the work was being performed. 

REFERENCES 

1. Verde, M. and Wick, G .  Phys. Rev., Vol. 71, 852, 1947. 


2. Wick, G .  Phys. Rev., V O l .  75, 738, 1949


3. Bethe, H. ,  Tonks, L. and Hurwitz, H. Phys. Rev., V o l .  80, 11, 1950. 


4. Marshak, R .  Rev. Mod. Phys., Vol. 19, 185, 1947. 


5. 	Devison, B. The Theory of Neutron Transportation (Teoriya perenosa neytronov). 
Moscow, Atomizdat, 1960. 

6. Maslennikov, M. V. Dokl. AN SSSR, Vol. 120, 59, 1958. 


140 




APPLICATION OF CONJUGATE EQUATIONS TO THE 
CALCULATION OF RADIATION SHIELDING 

G. I. Marchuk and Zh. N. Bel’skaya 

The work of B. B. Kkdontsev (ref. 1) formulated a conjugate equation 

with respect to any linear functional in the problem of radiation transport. 

Later the results presented in reference 1 were generalized by G. I. Marchuk 

and V. V. Orlov (ref. 2). Their work proposes a method for the construction of 

conjugate equations for a wide class of linear nonhomogeneous equations, /lo0 

as well as the construction of the theory of perturbations. 


In the present work the authors have made an effort to apply the results 
of references 1 and 2 to the calculation of radiation shielding. The.solution 
of the problem is obtained in the simple diffusion approximation in order not 
to mask the principal features of the problem by insignificant calculation 
steps. The generalization of the results to the case of nondiffusion approx
imation, which is of practical interest (for example, within the framework of 
the PN-approximation), is not difficult and is carried out by the method pre
sented in reference 3. 

Let us consider a multiple layer system occupying volume G bounded by
surfaces S1 and S2 ‘  

The physical characteristics of the medium which determine 

the interaction of neutrons with a substance are constant inside each layer. 


The group values fj of the neutron flux falling on surface S1 are assigned. 


It is required to compute the total flux and the dose of neutrons leaving the 

shielding. 


The problem is solved in the P1-approximation by a multiple group method 


with the aid of the basic and conjugate equations of the reactor. 


I (YB = re = removal) 
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Let us consider a multiple group system of basic equations (ref. 3) and 

the multiple group system of equations conjugate with respect to system (l), 


The calculation of the three-dimensional energy distribution of neutrons 

in the P1-approximation is reduced to the solution of the multiple group system 


of equations (1)with boundary conditions 


~ ~ = f o n 
si 
and 

2q1{,,-9;;= 0on S,. 
( 3 )  

We determine the conjugate system of equations with respect to a specific 

functional for which we select either the total flux of neutrons leaving the 

shielding or the biological dose of neutron action leaving the shielding. In 

order that the system of equations (2) be a conjugate system (l), it is neces

sary that the following relationship be satisfied 


It is easy to see this if we multiply the first equation (1)by ,p"jand

0 

the second by 3cp1*j, and if we multiply equations (2), respectively, by ~iand 
3 j~ Summating the results over j we integrate over the volume G and sub-~ . 

tract one system thus obtained from the'other. Utilizing the Gauss-Ostro

gradskiy theorem we transform relationship (4) into the form 


We select the positive direction to be that of the external normal to surface 


S2 and that of the internal normal to surface S1. We let I+, I-be the 

density of the neutron flux through surfaces S1 and S2' respectively, in the 

positive and negative directions of the normals to this surfaces /101 
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.. . ~- . . .... .. . . 

We shall consider the sums contained in relationship (5). Since the flux 
of neutrons from the vacuum to surface S2 is absent, we arrive at the condition 

* cfg
vin = 2 on s2. Consequently, 

We determine the conjugate system of equations in such a way that rela

tionship (6)supplies a complete dose of outgoing radiation. For this pur

pose we let 


where yj is a factor of biological action. Then 


ni m 


where B (S2 ) is the total dose of the outgoing radiation. On the other hand, 

from condition (5) we obtain 


Let us assume that the following relationship exists on surface S1 


cp,:’ -2(p;i =0, ( 9 )
Then 

Thus the dose of the outgoing radiation may be obtained by means of one of the 
two equations 



In systems with spherical symmetry 


If we let yj=2 in equations (7)and (lo), we arrive at the t o t a l  flux of the 
outgoing radiation. 

The solution of the system of equations (1)in conjunction with boundary 
conditions ( 3 )  and of system (2)with boundary conditions (7)and ( 9 )  is ob
tained by the method of finite differences with a subsequent application of 
difference factorization described in reference 3. 

To obtain the equations of the theory of perturbations we proceed /lo2 

in the following manner. Together with the unperturbed system (1)we consider 

a system of perturbed equations 


We assume that the multiple group constants in the system of equations 
(12) are expressed in terms of the constants for the unperturbed problem by 
relationship A' = A + 6A. 

We propose further that the boundary conditions for the perturbed system 

(12) will be the same as those for the unperturbed system, i.e., 


1'3 = j l  at S,; 

2(p;:', -q,;j=0 atS,. I 


Multiplying the equations of system (12), term by term, by c j  and 3q7,*j, 
we summate the result over j and integrate over volume G. Then wg obtain'l 
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+cp;'(8(p;j+32;::cp;j)] =0. 

Furthermore, by multiplying equation (2) , respectively, by cp' j and 3ql'j 
we sumate the result over j and integrate over volume G. Then w? obtain 


We now subtract relationship (15) from relationship (14)and make use 
"j "j

of the conjugate nature of the solutions cpj j with respect to yo ,yl .0' 'pl 

Then it is easy to obtain the following equation 


If the quantities in equation (16)marked with primes are replaced by 

corresponding quantities without primes, we arrive at the equation of the 

theory of small perturbations. 


Although the theory of small perturbations cannot be applied to the prob

lems of shielding theory to find the absolute value for the variation in the 

dose of the outgoing radiation when the physical properties of the system vary, 

it can, nevertheless, show the tendency associated with a variation in the dose. 


The large number of important applications for the equation of pertur

bations (16)may include the calculation of experiments on the transmission of 

neutrons. In this case the equation of small perturbationsmaybe used, for 

example, to evaluate many factors, including the various errors of the ex

periment. 
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ATTENUATION O F  FAST NEUTRONS I N  NONHYDROGEN 
MODERATORS 

B. R. �?ergelfson 

The problem associated with the determination of fast neutron / I O 3
at tenuat ion i n  materials which do not contain hydrogen atoms occurs i n  the de
sign of rad ia t ion  shielding f o r  reac tor  vessels and a l so  i n  the  design of bio
log ica l  shielding which cannot contain mater ia ls  with hydrogen. I n  analyzing 
radiat ion shielding w e  must deal with neutrons whose energy i s  E 2- 0.5-1 MeV 
and whose source consis ts  of f i s s i o n  spectrum neutrons. It i s  well  known t h a t  
i n  t h i s  case the  k ine t i c  equation must be solved t o  obtain su f f i c i en t ly  re
l iable  results. 

For plane geometry the  k ine t i c  equation fo r  the t ransport  of neutrons i s  
wri t ten i n  the form 

Here N (x) = [ n (x, p)  dp i s  the number of neutrons at  point x; p i s  the  
neutron impulse; 1 i s  the  mean free path length i n  the moderator; 1, i s  the 

sca t te r ing  path i n  the  moderator; 8 i s  the  angle between neutron veloci ty  
vector v and x di rec t ion .  

The probabi l i ty  f o r  the t r ans i t i on  of a neutron from an element of the 
phase space dpl i n to  the  element of the phase space dp during e l a s t i c  col
l i s i o n  with the nucleus of the moderator i s  obtained from the  l a w  of energy 
E conservation and impulse p conservation. For i so t ropic  sca t te r ing  i n  the  
system of i n e r t i a  center ( ref .  1) 

( M  and m are the m a s s  of the  sca t te r ing  nucleus and neutron, respect ively) .  
The plane source of neutrons of the f i s s ion  spectrum i s  

Q =A ( p )  fl; sh c-n Q ( x )= x ( E )6 (x ) .  

The fac tor  A ( p )  i s  obtained from the  condition of normalization 
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where Io i s  the power of the  neutron source. 

Assuming t h a t  the  r i g h t  s ide  of equation (1)i s  a known function, we solve 
the d i f f e r e n t i a l  equation. Then i n  place of the in t eg ra l -d i f f e ren t i a l  equation 
(1)we obtain the  Payerls equation 

The first and second term i n  the r i g h t  s ide of equation (2) determine, 
respectively,  the contr ibut ion t o  n (x, COS 8, E) of "d i rec t  streaming" neu
t rons  from the source and of the  moderated neutrons. 

Equation (2) may be simplified somewhat by in tegra t ing  over cp' i n  the r igh t  
s i d e  of the equation, which causes the 6-function to  disappear i n  W .  

The l i m i t s  of in tegra t ion  i n  the  in t eg ra l  p a r t  of equation (2) are  de
termined twice: according t o  energy E from the l a w s  of energy conservation or, 
what i s  the same, from the condition t h a t  the expression under the s ign of the 
6-function becomes equal t o  zero, and according t o  coordinate xI from the 
boundary conditions. of the problem. 

The problem on the in t e rac t ion  of fas t  neutrons with the reactor  vessel  
had the following spec i f i c  conditions. I n  the semispace f i l l e d  with a medium 
which serves the  ro le  of the moderator, plane sources of neutrons of the  / lo4 
f i s s i o n  spectrum are  s i tua ted  a t  a distance 6 from the boundary with vacuum. 
The ac tua l  conditions of the  problem d i f f e r  from those formulated above i n  t h a t  
the medium behind the source ( the ac t ive  zone of the reac tor )  does not cons is t  
of a pure moderator, whereas the medium i n  f ron t  of the source ( r e f l ec to r )  does 
not have a boundary with the vacuum. However, calculat ions w i l l  show t h a t  these 
differences are not subs tan t ia l  f o r  the following reasons. 

1. The mean free path of the neutron i n  moderator 1 (E) i s  several  t i m e s  
l e s s  than the considered thickness of r e f l ec to r  6; therefore  the composition 
of the medium behind the source has p rac t i ca l ly  no e f f e c t  on the  value of 
n (x, cos 8, E)  (near the boundary), which determines the flux of neutrons of 
i n t e r e s t  t o  us f r o m  the  medium i n t o  the vacuum. 

2. The energy of the la rge  pa r t  of neutrons which f l y  out of the re 
f l e c t o r  i n t o  the vacuum with E 2 El (E1 i s  the threshold energy of the prob

, 

lem) i s  close o r  equal t o  El. Therefore the e f f e c t  of the double r e f l ec t ion  
of neutrons--f i rs t  from the steel  w a l l  i n t o  the moderator and then back from 
the moderator t o  the w a l l  (with an energy E 2 E1)--is ins igni f icant .  
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Uti l iz ing  the value of n (x, cos 8 ,  E), we can use equation (2) t o  de
termine the f lux  of neutrons from the r e f l e c t o r  

(a 

I = \ d E  \ vn (n,cos 0,E)  mp cos b d 9 .  (3)
k, L1 

Integrat ion over the so l id  angle dhl i s  carr ied out  over the hemisphere 
(0  s cos 8 s 1). 

I n  order t o  take i n t o  account the difference between the t rue  con
f igura t ion  of uranium blocks i n  a reac tor  and the plane geometry of the as
signed problem, we consider the influence funct ion of the point source 

f (r) = -e-'/X. The values of B and A, are computed from a re la t ionship
4sr2 

which can be obtained e a s i l y  i f  the i n f i n i t e  plane source of neutrons i s  con
sidered t o  be a s e t  of point sources, i . e . ,  

Calculations show t h a t  a function of the re la t ionship  (4) type well  de
scribe6 the re la t ionship  I = I ( 6 )  obtained from (3) f o r  the values of 6 i n  the 
in t e rva l  of 3-6 relaxat ion lengths.  

This method of computing the at tenuat ion of f a s t  neutrons i n  the layers  
of the moderator i s  qui te  accurate, if we assume t h a t  the t o t a l  cross sect ions 
and the sca t te r ing  cross sections f o r  the nuclei  of the moderator i n  the energy 
i n t e r v a l  1-10 MeV are  known with a su f f i c i en t  degree of accuracy. 

The solut ion of the considered problem requires  a large expenditure of 
computer time; it i s  therefore  expedient t o  consider the p o s s i b i l i t y  and the 
method of solving the problem by means of the age approximation. As we know, 
the age approximation may be u t i l i z e d  only when de f in i t e  conditions are  s a t 
i s f i e d  ( r e f .  2).  However, i n  the considered problem the energy of most of the 
source neutrons i s  close t o  or  coincides with threshold energy El, and the 
necessary conditions are  not very wel l  s a t i s f i e d .  I n  t h i s  connection we should 
bear i n  mind t h a t  the unknown flux i s  determined primarily by the neutrons of 
the source whose energy E i s  subs tan t ia l ly  g rea t e r  than E l .  Calculations show 
t h a t  f o r  such moderators as  graphite and heavy water, E w 7-8 MeV, because the 
mean f r e e  path of neutrons i n  the considered moderators increases noticeably 
as  the energy of neutrons increases.  If we take t h i s  i n t o  account, then the 
conditions f o r  applying the age approximation t o  the given problem are  s a t i s 
f i ed  i n  a proper manner. 

The f lux of neutrons from the r e f l ec to r  with energy E 2 E1 may be ex
pressed i n  the following manner 
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The f lux  of "d i rec t  streaming" neutrons from the In f in i t e  plan source m y
be obtained from simple geometric considerations 

m 

The f lux  of moderating neutrons i s  equal t o  

where x = 0 a t  the extrapolated boundary of the medium i n  the vacuum; 71 (E) 
i s  the age of the neutrons with energy El, whereas 

m 
1 c-t d l  =f ( x ) .  

b - % / l ( K )  

Equation (8) gives the d i s t r ibu t ion  of neutrons which undergo one co l l i s ion  
with the  nucleus of the moderator, across the thickness of the r e f l ec to r ,  i.e., 
the d i s t r ibu t ion  of the sources of moderated neutrons (the energy loss of the 
neutron during the first co l l i s ion  i s  not taken in to  account). The densi ty  
of neutron moderation from the plane i n f i n i t e  source i n  the semi- inf ini te  
layer  of the moderator which borders the vacuum, has the form 

where x is  the coordinate of the source; x' i s  the running coordinate. After 
subs t i tu t ing  equations ( 6 ) ,  (7) and ( 9 )  i n to  re la t ionship ( 5 )  we obtain ' 

b m m 

The extension of in tegra t ion  over x i n t o  the region 6-w i n  accordance with 
the considerations presented above does not introduce any subs tan t ia l  correct ion 
t o  quant i ty  I. 
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' 

Expression (10) represents a double in t eg ra l  over energy E and coordinate 
x of the tabulated functions--the integral. exponents of the first and second 
order and the in t eg ra l  of e r ro r s .  The in tegra t ion  of equation (10) may be 
carr ied out without a computer. 

When the moderator cons is t s  of D20 and of a d i s t r ibu ted  source for which 
the conditions of app l i cab i l i t y  of the age approximation a re  not too w e l l  s a t 
i s f i e d ,  flux I may be computed by both methods, i . e . ,  by means of equation (3) 
t o  solve the  Payerls equation by the  method of i t e r a t i o n  using the M-20 com
puter,  and by means of equation (10). The determination of 1 (E);  (E);  

a;
5 i s  achieved by using data from references 3 and 4. The age of neu
t rons  i s  calculated by means of equation 

with a correct ion for the  small number of co l l i s ions  ( r e f .  2). 

From the r e s u l t s  obtained it follows t h a t  for 6 = 30-30 cm f lux  I, com
puted by means of equation (lo), has a lower value compared with the one ob
tained from the solut ion of the k ine t i c  equation, by approximately 30-50 per
cent. For a problem of the considered type t h i s  accuracy may be considered 
sa t i s fac tory .  

When calculating the  biological  shielding of reac tors  the solut ion of / io6  
the k ine t i c  equation f o r  the t ransport  of neutrons a lso encounters large d i f f i 
c u l t i e s  due t o  the necessi ty  of considering a wide in t e rva l  of neutron energies 
and a grea t  shielding thickness. When computing a shielding made of mater ia l  not 
containing hydrogen atoms, the author believes t h a t  i s  is  a l so  possible t o  use 
the age approximation i n  accordance with the methodology presented above. When 
the shielding thickness i s  6 > 5X,  it i s  apparently expedient t o  replace 1 (E) 
i n  equation (8) by the length of the "removal" which i s  determined as 

and t o  replace t s  (E) with the t ransport  length I t r  (E ) .  

Awide monoenergetic p a r a l l e l  beam of neutrons Eo 2 E l ,  passing through a 

plane l aye r  of shielding not containing hydrogen atoms i n t o  vacuum, may be ex
pressed i n  the following manner 



Here T = T (Eo, E1) i s  the age of neutrons with energy El; erf x : Z  

0 

When the shielding represents  a mixture of various elements, T, lr and 

ttr are  computed by means of equations from reference 2. 

If one of the elements i s  iron, the  e f f e c t  of i n e l a s t i c  s ca t t e r ing  when 
Eo > 1MeV i s  taken i n t o  account by introducing a corresponding correct ion in to  

When a strong absorber of neutrons i s  present i n  the  shielding such a s  

boron, the decrease i n  I due t o  the absorption of neutrons with E 103-10 2 eV 
i s  evaluated by introducing the coef f ic ien t  

In  conclusion the author expresses h i s  gra t i tude  t o  B. L. I o f f e  and I. 
Ye. Kobzarev f o r  the help rendered i n  carrying out t h i s  work. 
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ANGULAR DISTRIBUTION OF NEUTRONS AT SMALL DISTANCES 
FROM THE SOURCE I N  AN 1SOTROPICAL;LY SCATTERING MEDIUM 

V. A. Kon'shin 

References 1-3 present the solut ion of a s ingle  ve loc i ty  problem f o r  /io6 
neutrons i n  an i so t rop ica l ly  sca t te r ing  medium. It i s  in t e re s t ing  t o  consider 
the d i s t r ibu t ion  of neutrons i n  a homogeneous i n f i n i t e  i so t rop ica l ly  sca t te r ing  
medium. 

When the source i s  an i n f i n i t e  plane passing through the center of the co
ordinates,  the equation fo r  the t ranspor t  of neutrons has the form ( re f .  4) /lo7-

ai  (r
*-_!.:_dt 1 

1(% I O  = 

with the boundary condition I (7, p) 1 
~ aD = 0.  Here I (7, p) i s  the dis

t r ibu t ion  function of neutrons with d i rec t iona l  cosine p a t  the distance T 
(the distance i s  measured i n  un i t s  of the mean f r e e  path) ;  k is  the r a t i o  of 

=S
the  sca t te r ing  cross sect ion & t o  the t o t a l  cross sect ion C t ,  i . e . ,  k = - 5 1. 

=t
The angular d i s t r ibu t ion  of the source i s  given by expression f (p), where p i s  
the cosine of the angle between the normal t o  the plane and the d i rec t ion  of 
motion of the neutron. I n  the present problem we consider a plane i so t ropic  
source Cf (p) = 11. 

The solut ion of equation (1)may be obtained by the method of Fourier 
transformation. Multiplying equation (1)by e-ia7 and in tegra t ing  over T within 
the  limits -a - Sm, we obtain an in tegra l  equation f o r  the Fourier transform 
i n  the form 

where q = so&. The sca t t e r ing  ind ica t r ix  F (F,) w i l l  be represented as 

an expansion i n  terms of the Legendre polynomials, l imited t o  three polynomials 



where 

After in tegra t ing  (2) over cp* and taking i n t o  account (3) we obtain 

-I-I 

This i s  the  Fredholm i n t e g r a l  equation of the  second kind with a degenerate 
nucleus. W e  w r i t e  it i n  the  form 

We should l i k e  t o  point  out t h a t  the same r e s u l t  i s  obtained by u t i l i z i n g  the 
theorem f o r  the addition of the Legendre polynomials 

from which after in tegra t ion  over cp' w e  obtain: /lo8 

Subs t i tu t ing  these expressions i n t o  equation (2) and taking i n t o  account (3), w e  
obtain equation (4). 
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.. 
From the theory of i n t eg ra l  equations with degenerate nuclei  it i s  known 

t h a t  the in t eg ra l  equation of the form 

b 

cp (4- \ J\' (-Gs) 'p (s) ds =f ( x ) ,  
U 

where 

has a solut ion 

1=11 

cp (x)= f ( x )-I- h 2 ciai ( x ) .  
i- I 

I n  t h i s  case ci i s  a constant which i s  determined from the system of equations 

k:: I1 ( 5 )  


where 

For our case the solyt ion of i n t eg ra l  equation (4) w i l l  be wr i t ten  i n  the form 

The constants ci are  determined from system ( 5 ) ,  whose determinant i s  



-- 

l5 

-- 

Here 

a b i = ( l  ---b2) {;-arctgu-,5 
2 a2 (1 a arctg a ) }  ; 

2ia,,=3hLcc,-(arctga-a); 

I 

;&- U Sa32=3GL2i( rf ----arctg a )  ;3 

a42 =361 arctg a) } ; 
(1 


2 .a 3 3 = - b z Z .  (- , . ;-2--x arctga) ; 

15 I
=&a 2 b2 2 {kf 1 --arc& CC) -( >---j---a3 

a-

( I  U
i arctgu)}; 

arctg a ) }  ; 

1 1 

ah& 7*E6z {Garctg a-- 4 (1 --arctg a ) + &  (-&-5-xarctg 1 a=-- 1 I
UZ 

kt = 29 arctga; 
2qi

f 2 = 7  (arctgu -u); 

I 

uixctga-$(l---l-arctga). 
2q . cc 

c 
S

Quanti ty  k =-
Et 

was selected equal to 0.95. The sca t t e r ing  ind ica t r ix  /log 
F (Po) was taken i n  the  form shown i n  f igu re  1. The coef f ic ien ts  bn of the 

1.55 




II I1 II1I Ill1 I II I Ill I I 

expansion F (po) i n  terms of the Legendre poiynomials have the following values: 

bo = 1; bl = 0.4104; b2 = 0.2486. The solut ion of i n t e g r a l  equation (4) i s  re

presented i n  the form 

where the  constants Ci (a)are  determined a s  above. 

I (T, p) are obtained by means of the inverse Fourier transformation /110 

Separation in to  r e a l  and complex par t s  shass. t ha t  the complex pa r t  i s  an odd 
function (Y and consequently the in t eg ra l  from - Q) t o  + vanishes. It can be 
shown tha t  the first term i n  equation (6) represents a nonscattered radiat ion.  
Indeed, we have 

-!-m 

The nonscattered f lux  Io ( 7 )  i s  obtained by integrat ing over p 

- 1  



Figure 1. 

where El (7) i s  the in t eg ra l  exponent. For a point source ( r e f .  ) we obtain 

Let us transform the first term of equation (7) 

m I 


m I 




Analogous transformations may be carr ied out for the  remaining terms of /111-
equation (7). To evaluate in t eg ra l s  (8) we must invest igate  the behavior of 
f'unctions under the in t eg ra l  s ign i n  the in t e rva l  from 0 t o  1. The transcendental  
equation, the expression f o r  the denominator C1 (a)) 

i n  the in t e rva l  from 0-1has one r e a l  root ul = 0.7332 and double multiple roots  

a t  zero. The equation, i.e.,  the denominator of expression C1 (L),
t 

- 1.25f arctg -t-- 1.3t3arctg--
1 
I -: h t  

1 1 2.816 arct(T-- -4 . 7 3 ~ a r c t g ~  

-0.641" (arctg;)'+ 1.14P (arcl;; - 1 ->a-:- 1.41P -2.16t4 +3.28P + 1=O 
i , 


does not have a r e a l  roo t  i n  the in t e rva l  from 0 t o  1. Therefore the  second in te 
g r a l  of (8) may be evaluated numerically. 

The first in t eg ra l  of (8) has a s ingular i ty  a t  the point CY1 = 0.7332. we 

represent t h i s  i n t eg ra l  i n  the -form 

where e -, 0. In  expression ( 9 )  the  f i r s t  and fourth in t eg ra l  are computed 
exactly,  whereas the second and th i rd  in t eg ra l s  are  computed by using the ex
pansion of function C 1  ( a )  i n  the Loran s e r i e s  i n  the neighborhood of the s in

gular  point = 0.7332. If C1 (a)) - ' (a)y) then 
- J r O ' 

-0.7332 )'J A,, (a -0.7332)".C,(a)= 4;'----!
k -.1 

Taking only the f i r s t  term i n  expression (lo), we have 



The calculat ion of the remaining in t eg ra l s  i n  equation (7) were carr ied out  i n  
a s imilar  manner. 

The r e s u l t s  of the  calculat ions carr ied out t o  determine the  angular d i s 

tribu.t ions of the sca t te red  rad ia t ion  Iscatter(7, p) f o r  p = -1;-0.5; 0 ;  0.5; 1 

and 'r = 0.1; 0.5; 1 are presented i n  f igure  2. The quant i ty  Iscatter('r, p) i s  
SA v

shown i n  u n i t s  of q = -,where S0 is the source power. 
=t 

W e  can see from f igu re  2 t h a t  the  angular d i s t r ibu t ion  of the sca t te red  
rad ia t ion  f o r  7 = 0 is symmetric with re'spect t o  p = 0, as was t o  be expected 
f o r  a plane i so t rop ic  source. As the  distance from the  source i s  increased, the 
peak of the angular d i s t r i b u t i o n  i s  displaced from p = 0 t o  p = 1, i.e. ,  /112 
the neutrons f l y  forward. A comparison with the i so t ropic  sca t te r ing  of neutrons 
( r e f .  2) shows t h a t  i n  the case of the anisotropical ly  scatteriong medium the peak 
of the angular d i s t r ibu t ion  i s  displaced closer  t o  p = 1 ( 0  = 0 ), as  w a s  t o  be 
expected. 

Thus when 7 = 0.5, the  m a x i m u m  of the peak i s  displaced from p M 0.2 (iso
t rop ic  sca t te r ing)  t o  p w 0.5 (anisotropic  sca t t e r ing ) .  

It should be noted t h a t  when the distance 'r from the source i s  increased, 

the mul t ip l ie r  ,which i s  under the in t eg ra l s ign ,  begins t o  os

c i l l a t e .  Therefore, i n  computing the  angular d i s t r ibu t ions  the value of Iscatter 
(7,p) f o r  p = 0 and 'r = 1 dropped out  from the general  behavior of the  curve. 

Isca tt e r  

%zi 
P 

e 

Figure 2. Angular d i s t r ibu t ion  of neutrons a t  small 
dis tances  from the source. 
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Consequently it i s  necessary t o  have a more accurate evaluat ion of the second 
in t eg ra l  of (8) with the o s c i l l a t i n g  function under the i n t e g r a l  sign. 

I n  conclusion the author expresses h i s  gra t i tude  t o  E. Ye.  Petrov, V. V. 
Orlov and V. Ya. Pupko f o r  t h e i r  i n t e r e s t  i n  t h i s  work. 
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THE QUESTION OF RADIATION SOURCE GEOMETRY 

D. L. Broder, Y e .  N .  Goryanina, G. M. Levis, 
K. K. Popkov and S. M. Rubanov 

The sources of neutrons and y quanta i n  atomic energy i n s t a l l a t i o n  /112 
are the  ac t ive  zone of the  reactor ,  i t s  vessel ,  the  r e f l e c t o r  and the  elements' 
of shielding, piping system and hea t  exchanges with radioact ive heat  c a r r i e r .  
All  these sources have d i f f e r e n t  geometric shapes and dimensions. Hwever, i n  
most cases f o r  purposes of computation they can be represented i n  the form /ll3 
of rad ia t ing  points ,  l i n e s ,  d i scs ,  i n f i n i t e  p l a t e s ,  spheres, e t c .  This approx
imation of the geometric shapes of rad ia t ion  sources i n  p r a c t i c a l  ca lcu la t ions  
i s  necessary, not only because it subs t an t i a l ly  reduces the volume of calcula
t ions ,  but a l s o  because it makes it possible  t o  apply ce r t a in  calculat ion 
methods which a re  val id  only f o r  sources of the simplest geometric form. Thus, 
f o r  example, the multiple group calculat ions of three-dimensional energy d i s 
t r i bu t ions  of neutrons may be car r ied  out  only f o r  plane cy l indr ica l  o r  spheri
c a l  geometry. Calculations of the  transmission of fas t  neutrons and y quanta 
through the  shielding a re  carr ied out  by means of constants obtained f o r  radia
t i o n  sources of the  simplest geometric forms. The p o s s i b i l i t y  of applying 
these constants f o r  sources of a more complex geometry i s  not obvious. 

The simplest r ad ia t ion  source i s  a point  source. The rad ia t ion  f lux cp(r) 
from such a source which i s  s i tua ted  i n  an absorbing medium and which r ad ia t e s  
q par t i c l e s / sec  a t  a dis tance r may be obtained from the  re la t ionship  

where the  function f ( r )  determines' t he  a t tenuat ion  of the  rad ia t ion  f l u x  i n  the 
substance. The function f ( r ) ,  both f o r  the y r ad ia t ion  a s  w e l l  a s  f o r  the  neu
trons,  may be represented i n  the  form of an exponential s e r i e s  

H e r e  a i  and kim depend on the  proper t ies  of the  shielding, on the  nature of 

rad ia t ion  and on i t s  energy. 
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For neutrons a t  a cer ta in  distance from the source we have 

where ASE~determines the spectrum of the source, and B i  and Xi determine, re

spectively,  the f ac to r s  of i n i t i a l  buildup and the re laxa t ion  length of neu
trons with energy Ei. 

For the y quanta 

i (4) 


i i
I n  expression (4) A i ,  A2, a1 and a2

i 
are  the coef f ic ien ts  of the exponential 

representation of the buildup f ac to r  f o r  the scat tered y radiat ion,  which de
pends on the mater ia l  of the shielding and on the energy of the y quanta, while 
ki i s  the 1inea.r a t tenuat ion coef f ic ien t  f o r  the y rad ia t ion  with energy Ei. A 

s imi la r  expression may be wr i t ten  f o r  the  at tenuat ion function of the y radia
t i o n  in tens i ty ;  it w i l l  d i f f e r  from expression (4) only i n  t h a t  instead of the 
dose f a c t o r  f o r  the buildup of the scat tered y rad ia t ion  it w i l l  contain the 
energy buildup f ac to r .  

When the absorbing medium consis ts  of several  l ayers  of d i f f e ren t  materials 
expressions (3) and (4) become more complicated. Thus f o r  f a s t  neutrons the 
u t i l i z a t i o n  of the method of the removal cross sect ions makes it possible t o  
wri te  equations ( 2 ) ,  (3) and (4) i n  the form 

-T 0- 2 OmQma,,,rmi 
A i  

f ( r )=.	2 Bi AS&e ( 5 )
i 

where 8 i s  the volumetric portion of the l i g h t  (removing) shielding component; 

8, i s  the volumetric portion of the heavy shielding component; pmt$Am i s  the 

macroscopic cross sect ion f o r  the removal of neutrons of the i - t h  energy group 
by the l aye r  m which en ters  i n t o  the  composition of the shielding. /114 

For y quanta i n  a heterogeneous medium the  buildup f ac to r  f o r  the scat tered 
y rad ia t ion  may be represented i n  the following manner ( r e f .  1) 
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where N i s  the number of shielding layer;  p:rl i s  the thickness of the 1-th 

layer  of the shielding i n  terms of the mean f reepa ths  of the y quanta of the 
i - t h  energy group. Similar expressions f o r  the buildup fac tor  of the  y radia
t i o n  m a k e  it possible t o  r e t a i n  the  representation of the attenuation function 
f(r) i n  the form of an exponential s e r i e s  f o r  any combinations of shielding 
layers .  

To compute the functions f o r  the spacial  d i s t r ibu t ion  of rad ia t ion  f luxes 
from extended sources, the l a t t e r  are  broken down i n t o  elementary volumes dV 
(areas dS or segments d l ) ,  each of which i s  considered a s  a point source with 
power qv dV par t ic les / sec .  The t o t a l  rad ia t ion  flux i n  the shielding cp (r)  a t  

the point r i s  determined by the i n t e g r a l  over the e n t i r e  volume (surface or 
length) of the source 

Since summation over i i s  not re f lec ted  i n  the r e s u l t s  of integrat ion,  it 
i s  e n t i r e l y  proper t o  consider an in t eg ra l  of the form 

The expressions f o r  various extended sources obtained i n  this manner may 
be e a s i l y  applied t o  spec i f i c  versions of shielding calculat ion by taking i n t o  
account a11 of the terms of the sum i n  equation (7). 

In  many works ( re fs .  2 and 3-5)  d i s t r ibu t ion  functions for rad ia t ion  f luxes 
a re  computed f o r  sources of d i f f e r e n t  geometric form. These calculat ions show 
t h a t  t he  plane i so t rop ic  i n f i n i t e  source (as w e l l  a s  the point  source) i s  funda

.mental, and for most extended sources the functions of three-dimensional f l ux '  
d i s t r ibu t ion  may be expressed i n  terms of the f'unction of a plane source. Here 
a re  some examples.. 



1. The rad ia t ion  fluxfrom an i so t rop ica l ly  rad ia t ing  spherical  source of 
radius R a t  a dis tance r, cpsp (R, r )  may be computed i n  the  following manner 
( r e f s .  3 and 6) 

( 9 )  

(ctp = SP = spherical;  IIJI = p l  = plane) 

where cppl  (x) i s  the  rad ia t ion  flux a t  the dis tance x from an i n f i n i t e l y  radi

atfng plane. 

2. For a cylinder of radius R we have the approximate expression ( 8 ) .  

(qmt = cy = cyl indr ica l )  

where (pcy (R, r )  i s  the rad ia t ion  f lux  from an i n f i n i t e  cy l indr ica l  surface 

r ad ia to r  a t  a point s i tua ted  a t  a distance r from i t s  axis .  

3.  The radiat ionflux from a source which has the form of a disk with /115
radius R a t  a dis tance r along the normal t o  i t s  center  cp (R, r) may be computed 
by using the equation 

Thus a s u f f i c i e n t l y  large number of those surface rad ia t ion  sources most 
frequently encountered i n  calculat ions may be represented by means of a plane 
i so t ropic  infinite source. 

The rad ia t ion  flux cpP l  (r) a t  the point s i tua ted  a t  dis tance r from the 

surface of a plane i n f l n i t e  i so t ropic  source i s  determined by means of 
expression 
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I n  expression ( l l a )  k z l i s  the thickness of the  shielding i n  terms of re 

laxat ion length; �,, (x )  = p - 1  f e;: 
-& i s  the i n t e g r a l  exponential function. 

L e t  us analyze the  degree of accuracy associated with the  widespread cur
ren t  method of computing rad ia t ion  fluxes behind the shielding, which consis ts  
bas ica l ly  of breaking d a m  the e n t i r e  computation process i n t o  two par ts :  (1)
the computation of rad ia t ion ' f lux  on the  surface of the source; (2) the compu
t a t i o n  of p a r t i c l e  transmission from the surface source through the shielding, 
assuming t h a t  the  angular d i s t r ibu t ion  of t h i s  f lux is  i so t ropic .  ' 

Let us consider an i n f i n i t e  volumetrically rad ia t ing  p l a t e  with thickness 

d.  We assume t h a t  the spec i f ic  power' of the  radiat ion sources qv (x) i s  d i s 

t r ibu ted  along the thickness of the p l a t e  according t o  the law qv ( x )  = qoeknX 

where x i s  the distance of the considered point from the surface of the p la te ;  

qo i s  the spec i f ic  power of rad ia t ion  sources when x = O1. The quant i ty  kn 

characterizes the slope of the source d i s t r ibu t ion  curve; when kn > 0 we have 

an increasing exponent; when kn = 0 qv (x) = const = qo the d i s t r ibu t ion  of 

sources i s  constant and does not depend on x and, f i n a l l y ,  when kn C 0, the 

d is t r fbut ion  curve represents a descending exponent. Introducing the spheri
c a l  system of coordinates i n  such a way t h a t  the polar axis coincides with the 
in t e rna l  normal t o  the  surface of the  p la te ,  while the o r ig in  of the  coordi
nates i s o n  i t s  surface,  w e  can compute the rad ia t ion  f l u x  cp (0) on the surface 
of the p l a t e  a t  the o r ig in  of the coordinates.  

I n  t h i s  case 

where ks i s  the l i n e a r  rad ia t ion  at tenuat ion coef f ic ien t  i n  the  mater ia l  of the  

p l a t e .  

'In prac t ice  t h i s  type of d i s t r i b u t i o n  i s  universal ,  because the spec i f ic  
powers of sources f o r  the captured o r  act ivated y rad ia t ion  i n  the  plane 
Payers of the shielding follow an exponential law. Usually two t o  th ree  ex
ponents a re  su f f i c i en t  t o  approximate the ex is t ing  d i s t r ibu t ion  with sa t i s f ac 
tory  accuracy. 
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Integrat ing expression (12), we can show ( re fs .  3 and 4), t h a t  

(1) if  q (x) = qo = const, 

(p (0) = -.:;,-- - i -E, (/z,d) 1 

f o r  the semispace d + Q),therefore  

'p (0) =-.'/(I.-. . 
2k,j ' 

When ks = -kny expression (14) becomes indeterminant of the type Q)-Q)./116 

TO solve it we must use the expansion ( r e f .  2) 

which i s  valid f o r  small values of x 

In 1 -+E ,  [(/z;-t k,J d ]  = In [ d  ( k ,  + k , ) ]  - In k,d .+ 
m 

dn ( k ,  -l-k,;)n- 0.577 - In  id  ( k ,  +h,)]  I =r - In k,,d -0.577.+ 3 ( - l)''--i~-iti-
71= i h,-r--k 

As a r e s u l t  we obtain 

rp (0) = - 9"- Iln k,9d 4-e-ksdE, (k,d )  +0.5771. (14a)!2i& 

Taking the f luxes on the surface of the  p l a t e  cp(0) as the spec i f ic  parer  
of the surface source qF, we can compute the  three-dimensional d i s t r ibu t ion  of 

rad ia t ion  fluxes i n  the  shielding by means of equation ( l l a ) .  
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A d i r e c t  calculat ion of the  rad ia t ion  f lux  behind the shielding, taking 
i n t o  account the self-absorpt ion of radiat ion i n  the  p l a t e  material ,  i s  reduced 
t o  the calculat ion of t he  following i n t e g r a l  

where ktx i s  the thickness of t he  shielding layers  ( i n  terms of r e l h a t i o n  

lengths) ;  a i s  the dis tance from the  surface of the rad ia t ing  p l a t e  t o  the 
point under consideration. 

When q (x) = qo = const, 

If, on the o ther  hand, q (x) = qOeknx, we have 

The numerical r e s u l t s  of calculat ions carr ied out by means of these equa
t ions  f o r  d i f f e ren t  values of k, and ks are  presented i n  f igure  l. 

Figure 1 shows the  r a t i o s  of the rad ia t ion  f luxes behind the shielding of 
thickness k e y  computed i n  two s tages ,  t o  the f luxes computed by the d i r e c t  

method. A s  we can see from the  f igure ,  f o r  a shielding thickness from ktx = 2 

20, f o r  most versions ca lcu la t ion  i n  two s tages  produces deviations which do 
not exceed 30-50 percent. I n  order t o  understand the computation r e s u l t s  pre
sented i n  f igure 1more c lear ly ,  we s h a l l  examine the angular d i s t r ibu t ion  of 

rad ia t ion  f luxes on the surface of the plate' f o r  various values of ksd and knd 
presented i n  f igures  2-4. 

II n  t h i s  case the rad ia t ion  f lux  on the surface of the p l a t e  i s  in te rpre ted  a s  

the number of quanta ( p a r t i c l e s )  which i n t e r s e c t  the  area of 1em2 per u n i t  
time when this area i s  perpendicular t o  the d i rec t ion  of t r a v e l  of the pa r t i c l e .  
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Figure 1. Ratio of fluxes behind shielding computed by 
approximate and exact methods. 

In  the case of a su f f i c i en t ly  t h i n  p l a t e  the f lux  on i t s  surface i s  ani
sotropic  and has a minimum value i n  the d i rec t ion  of the  normal; a s  the thick
ness of the  p la te  increases (when we have a constant d i s t r ibu t ion  of rad ia t ion  
sources along i t s  thickness) an isotropy of angular d i s t r ibu t ions  takes  place. 
These considerations c l a r i f y  the reason f o r  the increase i n  the f l u e s  /118 
beyond the shielding, computed i n  two stages.  A large increase i n  the case of 
t h i n  p l a t e s  i s  produced by the incorrect  proposit ion on the i so t ropic  nature of 
the  f lux  a t  the surface of the p la te .  The same explanation can be given f o r  
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Figure 2. Angular d i s t r ibu t ion  of f lux  on surface 
of plate when q = qo = const. 

Figure 3. Angular d i s t r i b u t i o n  of f l u x  on p l a t e  surface when 

9 (4 = q()e 
-knx 

the increase i n  the fluxes beyond the  shielding,  which have been computed i n  
two stages  f o r  t he  case of l a rge  pos i t ive  knd. 

bution (negative kn). 


the  p l a t e  has a maximum value i n  the  forward d i rec t ion ,  so t h a t  a ca lcu la t ion  


A reverse p ic ture  	i s  observed f o r  a descending function of source d i s t r i -
I n  t h i s  case the  angular d i s t r i b u t i o n  on the  surface of 

performed i n  two stages  produces lower values f o r  the  f l u x  behind t h e  shielding. 



0.3 0.2 0. I 0.2 

Figure 4. Angular d i s t r ibu t ion  of the  flux on surface of p l a t e  

when q (x) = qOekrlx . 

Thus, i n  computing the shielding w e  may use the  method with the  interme
dia te  calculat ion of the f lux on the surface of the source only when kn 2 0. 

When kn < 0, pa r t i cu la r ly  f o r  large absolute values of kn, we must carry out 

the calculations d i r ec t ly ,  i n  sp i t e  of the  f a c t  t h a t  t h i s  increases the volume 
of computations substant ia l ly .  
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ATTENUATION OF R A D U T I O N  I N  HETEROGENEOUS SHIELDINGS 

N. I. Lalet in  

Attenuation of Primary Radiation i n  a 
Heterogeneous Medium 

Radiation shielding i s  frequent ly  not homogeneous. In  t h i s  case /Isg
the  a t tenuat ion of rad ia t ion  by the  shielding consis t ing of a sequence of plane 
layers  may be considered, using the same  methods as f o r  the case of a t tenuat ion 
by a s ingle  layer .  On the  other hand, the analysis  of shieldings pierced with 
rods and channels and a l s o  of shieldings containing hollow spaces of various 
form requires  a spec ia l  approach. 

In  t h i s  a r t i c l e  we s h a l l  consider the at tenuat ion of primary radiat ion 
(assuming t h a t  there  are no co l l i s ions)  i n  a two-component heterogeneous medium, 
which consis ts  of a f i l l e r  medium ( t h e  mean free path i n  t h i s  medium i s  equal t o  
hl), containing s lugs of a r b i t r a r y  form (which, however, are bounded by a con

vex surface)  with a d i f f e r e n t  in te rac t ion  cross sect ion C2 (and X2 = l /Cg 
accordingly). 

W e  introduce the  following designations: C (r) i s  the macroscopic cross 
sect ion of rad ia t ion  in te rac t ion  with the  substance near point  r, p = vsl/v, 

where v i s  the volume of one slug; v i s  t h e  volume of the  f i l l e r  correspond-
S l  

ing t o  one slug; S is  t h e  area of the  s lug surface; X i s  the length of a vector 
segment of assigned d i rec t ion  i n  the  slug; Y (x)  dx i s  t h e  probabi l i ty  t h a t  X 
w i l l  have a d e f i n i t e  value. T h i s  p robabi l i ty  i s  normalized i n  such a way that 

Q) 

Y. (X) X dX = vsl. Then Y (X)  dX has the following geometric meaning: 

0 


Y (X) dX represents the  project ion of t h e  element of area dS of the  s lug ' s  sur
f ace  on vector r (9, c p )  i n  such a way t h a t  the length of the vector r (9, cp) 
segment, which pierces  th i s  area i n  the  slug, lies within the l i m i t s  from X t o  
x + 6X. 

L e t  u s  consider a large,  but f i n i t e  medium containing N slugs d i s t r ibu ted  
a t  random; the  to ta l  volume of the  f i l l e r  is V. L e t  u s  determine the following 



probabilities for such a medium. Let us assme that a neutron (or y-quantum) 
originates at point r0 in the filler and travels a distance ir - rd without 

j.x (I-) ar 
collision. Obviously the probability of such an event is equal to erg Y 

where the integral in the exponent is taken along the ray ir - r 1 In this
0 

case there is a definite probability P
0 
that the neutron will not intersect any 

of the slugs or a probability Pn that it w i l l  intersect n slugs. In this case 

point r may lie in the filler or in the slug. In a similar way we can establish 
a probability that the neutron which originates in the slug will not leave the 
slug or that if it does leave the slug, it w i l l  intersect a certain number of 
s lugs .  Point r is again either in the filler or in the slug. 

We let e be the path traveled b the neutron in the filler and Y be the 
path traveled in the slugs ( e  + Y = rr - rol ) . Let us assume that the genera
tion density of neutrons having a specific direction in the filler is equal to 
q1 (9, cp),and that in the slugs it is equal to 92 (9, 9). Then the area 

Y (X) dX of some slug w i l l  be intersected by thoseneutrons which originate their 
path inside the cylinder (the base of the cylinder consists of the same area 
Y (X) dX and its height is equal to e ) .  The proportion of such neutrons in the 
total mass is equal to Y (x) eql/Vq, + N~~~ 92. This quantity is a measure 

of the probability that the neutron, whose path in the filler is equal to e and 
whose direction of flight is given by angles (9, v), will collide with a /120 
given slug in such a way that the maximum possible path in the slug will lie 
within the limits X - (X + 6X). The probability of any collision of neutrons 
of this type with the given slugs will be equal to 

Since the number of slugs is equal to N, the probability that the neutron 
Qhich originates in a filler with direction (9, q )  and path length e in the 
filler w i l l  intersect at least one slug w i l l  be P1 = p0/v. 

We note that in obtaining an expression for P1 we have not yet made use of 


the proposition on the random distribution of the slugs. In order to obtain an 
expression for the probability that n slugs w i l l  be intersected, where n > 1, 



-- 

we must use this proposition. The total probability that a neutron which orig
inates in the filler will intersect n slugs will then be represented by the 
product of the probabilities that it intersects one slug. 

The various combinations of N slugs taken n at a time will be 

11 

Therefore the expression 7Nl.l,l!NI 1 [ ~''.(;,) '" Q will represent the probabil
i I  

ity that a neutron originating in the filler w i l l  intersect not less than any n 
slugs; in this case its path in the first slug will be Xl, in the second it will 
be X2, etc. 


n 

' l ' ( x ~ ) d x ' ~  for an infiniteBy letting N tend to infinity we obtain 11- -,o,lI

medium, and integrating over X we obtain j= i
j '  

The probability that none of the slugs will be intersected is obtained 

from the condition 


rr> 

P, -1.. P,,P* +POP:,-1- . . . =P, ( 1  + y P " )  = 1. 
I I  I 

Here the products P P represent the probability that the neutron intersects
O n  


exactly n slugs. Substituting the latter equality into the expression for Pn, 

we obtain 


If we reason in a similar way, we find that the probability for a neutron 
originating in the filler and traveling a path e in this filler to intersect 
(n-1) slugs and to travel a path y after colliding with the n-th slug is given 
by the expression 

Qn0"- '  
e tl 	 I :  L!.-.-- \I, d X j  

li v (n-1)I * 
j-: 1 
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The probability that a neutron originating in the slug w i l l  .intersect 1121 
(n-1)more slugs and travel a path e in the filler is given by the expression 

If such a neutron collides with one more slug and travels a distance y1 in this 

slug, the probability will have the form 


There is still some probability that the neutron travel will be contained 

entirely within one slug 


By using these expressions for the probabilities of different events we 

can solve a series of problems on the propagation of radiation in the considered 

heterogeneous medium. 


For example, let us compute the average mean free path of a particle f o r  
the case q1 = % =  const 

When integrating over the volume of the cell in the last expression we 

divide the integration region into parts according to the follow5ng procedure: 


T;f is the part of the filler volume such that the radius vector, which has a 



value Ir-r'l and direction (9, v) and which originates in this volume, inter
sects n slugs and terminates in the filler n = 0, 1, ..., =); $ is the same 
radius vector which originates in the same part of the filler volume and inter


sects n slugs terminating in the (n + 1) slug (n = 0, 1, ..., m); $ is a part 
of the slugs' volume such that the radius vector originating in it intersects n 


more s l u g s  and is terminated in the filler (n = 0, 1, ..., w ) ;  vf: is the radius 
vector which originates in this part of the slugs' volume, intersects n slugs 
and terminates in the slug (n = 0,1, ..., w);  V5 is a part of the slugs' vol

ume such that the radius vector which originates here is contained entirely

within one slug. 


k
For the heterogeneous medium under consideration the ratio v"/Vcell (k = 

1-5) coincides with the probabilities determined above. Taking this into ac
acount and also transforming from the integration variable r to variable e in 
expression (1)we obtain 

Here f (3,~~) 
is a function which depends on the dimensions of the slugs /122 


(x2 = hVsl/S) and on the distance between them (5= 4JS). The form of the 




f'unction i s  determined by the  shape of the  slugs. Thus f o r  slugs which have 
the form of spheres 

whereas f o r  i n f i n i t e  c i r cu la r  cylinders (when the  axes of a l l  cylinders are 
p a r a l l e l  ) 

'The function f (5,x2) i s  simply associated with the. quantity Pc (xl, x2) : 

which represents the  probabi l i ty  t h a t  the  neutron undergoes i t s  f i r s t  co l l i s ion  
i n  any slug, assuming t h a t  the  neutron or ig ina tes  only i n  the  slugs and t h a t  

X '  
the  source densi ty  there  is  constant f (xl, x2) = 1 + 2 [�I (xl, +) -1)l.

xl 
When xl 03, t he  quantity Pc (x2, 03) gives us the probabi l i ty  of col l is ions,  

determined f o r  an insulated s lug.  P, (x2, a) i s  tabulated i n  reference 1 for  

slugs which have the  form of an i n f i n i t e  plate ,  a sphere and an i n f i n i t e  c i r 
cular  cylinder.  The quantity P, (xl, 9) i s  tabulated f o r  a l a t t i c e  of circu

l a r  cy l indr ica l  s lugs with p a r a l l e l  axes i n  reference 2. For a l a t t i c e  of 
spherical  slugs and a l s o  f o r  slugs of other  shapes s i t ua t ed  a t  random not only 
with respect t o  the  distance between them, but a l s o  oriented a t  random with 
respect t o  each other,  the  quantity P, (xi, x2) is  expressed simply i n  terms 
of Pc (x*, 03) : 



Let us consider the attenuation of monoenergetic radiation emitted by a 
plane homogeneous source at an angle 9with respect to the normal to the plane 
of the source. In a homogeneous medium at a distance z from the source the 
density of particles which have not undergone any collisions will be equal to 

&e-cz/cOs'. In a heterogeneous medium the density of particles at a distance 
z from the source, generally speaking, will be a function of the coordinates x 
and y. If distance z is much greater than the linear dimensions of the cell in 
a heterogeneous medium (in which the slugs are distributed at random), then, by 
averaging out the density of particles at the distance (z over x and y), /l22 
we obtain 

or by replacing the average value over surface S, which intersects an infinitely 
large number of cells, with the average value over the shell, we have 

Integrating the last equality over r = z/cos 9 in the limits 0-a, we ob

tain h e f f = \  ""-J.-1Z d r  
d r ~which coincides with the quantity determined by means 

v ce 
cell 

of expression (2). 


This result is naturally generalized for a plane source with an arbitrary 

distribution of emitted particles and also for a source whose surface is dis

torted, including the case when its radius of curvature is much larger than the 

dimensions of the cell in the heterogeneous medium. 


Thus, if a layer of homogeneous shielding (characterized by the mean free 
path hho) attenuates the primary radiation by a fixed factor, then in order to, 

attenuate the primary rad-iationof the same source by the same factor, the 

thickness of the heterogeneous shielding layer must be equal to 


(reT = he = heterogeneous;rOM = ho = homogeneous) 
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When h2 -+ co (medium with cav i t i e s )  

Here Q i s  a f ac to r  which depends only on the  shape of the  cavi ty  (ref. 3). For 
spheres Q = 9/16 (approximately 0.5625), f o r  i n f i n i t e  cylinders Q ='2/3. 

When x2 << 1, 

When x2 >> 1, 

Let u s  compare the obtained r e s u l t s  with the S m i t h  equation ( r e f s .  4 and 
5 ) ,  obtained f o r  a medium with a random d i s t r ibu t ion  of cav i t i e s  of a r b i t r a r y  

shape. Smith presents  the f ac to r  f = he f f / A  ho = 1 + S@
2/2, where $ i s  the 

r a t i o  of the  volume of the cavi ty  t o  the t o t a l  volume of the medium (porosi ty) ,  
and S i s  the average dis tance between the  cavi t ies ,  measured . in  un i t s  of the 
mean f r e e  path of rad ia t ion  i n  a continuous substance. Noting t h a t  i n  terms of 
the symbols u t i l i z e d  i n  equation (6), @ = P/1 + P and S = xl, we conclude t h a t  

equation ( 6 )  and the  Smith equation have the  same form, b u t  d i f f e r  somewhat i n  
the numerical coef f ic ien t .  In place of the f a c t o r  1/2 contained i n  the  Smith 
equation, equation (6) has the  fac tor  Q, which i s  somewhat grea te r  i n  value and 
which d i f f e r s  f o r  cav i t i e s  of d i f fe ren t  shapes. Equation (6) i s  va l id  f o r  /124 
cav i t i e s  bounded by a convex surface, and therefore,  f o r  example, i n  the  case 
of a medium which represents  the layer  of shot poured at  random we should com

1 
pare equation (7) with the Smith equation. I n  t h i s  case @ = - S = x2 and

1+ P' 
keff -equation 7 takes the form -- 1+ (IPS i . e . ,  instead of the 

$0 



f a c t o r  1/2 we  have the  quant i ty--- p ~ ( s l - ~ - - which i s  approximately equal t o  Qs I I - - P c  (S,co)]' 
when S << 1 and equal t o  Pc/S (l-Pc)M 1 when S >> 1. The difference between 

t he  Smith equation and equation (7) i s  shown i n  figure 1. 

The r e s u l t s  are a l s o  va l id  for a heterogeneous medium i n  which the  s lugs of 
a r b i t r a r y  shape are placed a t  random. For a medium with s lugs having the  form 
of i n f i n i t e  cyl inders  (with an a r b i t r a r y  cross sec t ion)  t h e  r e s u l t s  w i l l  a l s o  b e  
va l id  when the  axes of t he  cyl inders  are p a r a l l e l  t o  t h e  plane of t he  source, 
b u t  t he  cylinders as before are s i t u a t e d  a t  random with respect t o  each other .  

In  t h i s  case, i f  we -have a medium with an i n f i n i t e  c i r cu la r  cylinder, func
t i o n  f (xl, x2), which a f f e c t s  Aef f ,  i s  determined by equation (4) . However, i f  

the  axes of t he  cyl inders  are p a r a l l e l  t o  each other  and are perpendicular t o  
the  plane of t h e  sources, t h e  preceding considerations lo se  t h e i r  meaning. I n  
t h i s  case r ad ia t ion  a t tenuat ion  w i l l  be described b y  a function of an e n t i r e l y  
d i f f e r e n t  type compared w i t h  t h e  one f o r  t he  case of homogeneous shielding, and 
the  var ia t ion  can no longer be taken i n t o  account b y  introducing he f f '  

sx 
\ 

CH 
4-1 
x" 

2. 

1. 

1.1 

Figure 1. Value o f  f ac to r  obtained by Smith and 

given by equation (7)  : 1, re l a t ionsh ip  1 + P2
S; 

2, r e l a t ionsh ip  1 + *2 P, (s,m >  

1-P, (s,4' 3, r e l a t ion 

sh ip  1 + 2
�83; 4, r e l a t ionsh ip  1+ 0.gQ2
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The Diffusion of Monoenergetic Neutrons 

in a Heterogeneous Medium 


Above we considered the Propagation of primary radiation from sources in 

heterogeneous shielding (radiations which do not undergo a single collision). 

It is also of interest to consider the propagation of scattered radiation in a 

heterogeneous medium. 


In order to understand the qualitative features of the problem we shall 
consider an idealized case: we shall investigate the propagation of single 
energy radiation far removed from a-sourcein a heterogeneous scattering non
absorbing medium. 

In this case the integral forni of the kinetic equation is /125 
r - 1Xdr 

Here 9 (r) is the flux of particles at point r; q (r) is the source density at 

point r (it is assumed that scattering by all of the nuclei is spherically 

symmetric). 


Let us consider a two-component heterogeneous medium with cylindrical 

slugs of arbitrary cross section when the directrixes of the cylinders are 

parallel to each other. 


We place an infinite plane source at infinity (i.e., at a distance from 

the considered region, which is much greater than the mean free path in the 

components of the medium), and let the source plane be perpendicular to the di

rectrixes of the cylinders. 


The second term in equation (8)vanishes and the equation assumes the form 


The solution of this equation w i l l  be a linear function of,z (the z axis is 
perpendicular to the source plane), which is independent of the coordinates x 
and y. 

Indeed, 
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-- -- 

and the equation may be written in the form 


i.e., 4 (r) must be a function of the type that the difference 4 (r)-4 (r') for 
any point r makes the integral equal to zero. This is possible only if 
4 (r) = Bo + (d@/dz>, z where Q0and (d4/dz)0 are constants. 

Thus the f l u x  of neutrons (and consequently the density of neutrons) is 
constant along the cross section of the cell in the heterogeneous medium. On 
the other hand the flux of neutrons through a unit element area, whose normal 
is parallel to the directing cylinders, will depend on the position of this 
element in the cell. Indeed, 

- 1 X d r  - Zdr 

I(r)  = \ X (r') (I)(r') cos the __ dV'--___. 
In I r-r' 12 ,InI r r '  I* 

Averaging out the stream I (r) over the transverse cross section of the cell, 

we obtain 


It is natural to call the quantity D the effective coefficient of longitudi-

It 

nal neutron diffusion in a heterogeneous medium. Writing this coefficient in 

the form 


we note that it is express.edby an integral of the same type as those Ghich we 

considered above in determining the attenuation of primary radiation. /I26

Consequently this integral may be computed for media with small slugs distrib

uted at random distances from each other 
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.-.I. II.., 

where 


For slugs which have the form of circular cylinders 


p awhen hz-> 03 Dll= :hi'1 + p -;- .-. Q ;. .x,) (medium with hollow channels);
J \  I ?-I '  

sparsely distributed rods). 


In this limiting case the result also remains valid for media with s l u g s  
which form any reguzar lattice (not limited to those with random distribution). 

$0
When XI_ << 1 and x2 << 1 D 

II w ano = -3 '  
as was to be expected. 

For a heterogeneous medium which has the form of infinite plates (in our 

proposition concerning the random distribution such plates may intersect each 

other) 


For a heterogeneous medium which has the form of infinite plates, the coef

ficient of longitudinal diffusion is computed simply when the plates are situ

ated parallel to each other at equal .distancesfrom each other (ref. 7). In 

this case 


when 5 >> 1 and 3
and (13) give the same results in the two limiting cases:Equations (10)
<< 1;x2 << 1. Direct calculation shows that the results 
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obtained by means of equations (10)and (13) do not differ too much over the en

tire interval of x.,. and x2. This situation permits us to maintain that the 


utilization of equation (10)for media containing slugs which have the form of 

circular cylinders’andare placed in a regular lattice will not lead to a large 

error for any values of x.,. and x2‘ 


The situation is the same for distribution of neutrons along the slugs 
(longitudinal diffusion). 

During the distribution of neutrons in the perpendicular direction (trans
verse diffusion) the solution of equation ( 9 )  must be written in the form /127 

Here go and (dP/dx)O are constants. The first two terms on the right de

scribe the behavior of the neutron flux averaged out over the cell, and A@ (x, y)
describes the microstructure of neutron flux. The microstructure A@ (x, y) must 
be proportional to the gradient of the mean flux, and if we have even one axis 
of symmetry for the shell of the heterogeneous medium, A@ (x, ,y) will be an even 
function of y and an odd function of x with respect to this-axis. We can write 
A@ (x, y) = (d@/dx), f (x, y) where f‘(x, y) depends only on the characteristics 
of the medium. 

The flux through a unit area whose normal is parallel to the x axis will 

have the form 


Averaging this flux over the transverse cross section of the cell, we obtain 


The quantity DL above plays the role of the effective coefficient of transverse 


diffusion. We can see that the expression for DL may be divided into two parts: 


I 




- 

the component Di which is completely analogous to the coefficient of longitudi


nal diffusion and a second component Di which takes into account the presence 


of microstructure in the distribution of neutron flux. With regard to the cal
culation of the first component we can repeat everything that has been stated 
concerning the coefficient of longitudinal diffusion. The second component, 
however, is more difficult to compute. However, it can be easily obtained in 
the simplest case: for a heterogeneous medium in the form of plane parallel 
plates of two types.. In this case the solution of equation ( 9 )  will have the 
following form, when the neutron distribution is across the plates. 

(Cp = med = medium) 

Here the flux microstructure is described by the third term on the right. 
Using expression (15) to compute the coefficient of transverse diffusion, we 

1 hhoobtain DL = ---, where 
3hed 3 

Thus for a medium consisting of plates without absorption, the coefficient of 

transverse diffusion for any plate thickness is equal to the diffusion coeffi

cient in the corresponding homogeneous mixture. When the microstructure of the 

flux is taken into account the magnitude of the transverse diffusion coefficient 

decreases. 


For a heterogeneous medium with circular cylindrical s l u g s  we can maintain 
that when the diameters of the slugs are much less than the mean free path of 
neutrons in the filler, the effect of microstructure in the distribution of the 
flux w i l l  be small and the coefficient of transverse diffusion w i l l  be /l28
represented approximately by the first component 

where 
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As the diameters of the slugs increase, the role of the second component 
becomes more and more pronounced. If, however, we take into account the micro
structure, the value of the transverse diffusion coefficient decreases, l.e'., 
DL S Di. For slugs with a diameter much greater than the mean free path of 

neutrons in the filler, the distribution of neutrons between slugs and in the 

small slugs is described with sufficient accuracy by the elementary diffusion 

equation. Solving this equation for a cell of a heterogeneous medium, we can 

find the limiting expression for the effective coefficient of transverse diffu

sion. This expression will depend on the shape of the slug lattice, and it is 

not very simple to find its exact value for real lattices (square, triangular,

etc.). 


The effective coefficients of transverse diffusion may be represented ap

proximately in the form 


(AH~#I= diff = diffusion) 

Here w is the area of the transverse cross section of the slug; W is the area 
of the transverse cross section of the cell. This expression is valid (in the 

diffusion approximation) for the Wigner-Zeitz cell (when w/W + 1, DLdiff + q 3  
diff 

+ h l / 3 ) .  It is valid for any lattices when w/W areand when w/W + 0 DL 

small, within the accuracy of terms w/W inclusive. For a square lattice it is 


valid with an accuracy to within the terms (w/W)~inclusive, for a triangular

lattice (the slugs are placed at the apexes of an equilateral triangle) up to 


terms (w/w)3 inclusive. 


Thus, in evaluating the coefficient of transverse diffusion in a heteroge


neous medium we can proceed in the following manner. We represent Di and DL
diff 


in the form of functions of 5 = d/P% for a fixed parameter P = co/W-w and let 
0"1be the point of their intersection, i.e., 

DL (5)= Dfiff (<).0 




Then, if  we evaluate the e f fec t ive  coef f ic ien t  of transverse d i f fus ion  by means 

0of the  expression (16) f o r  D0 
I 

when xl "1and by means of expression (17) for 

Daiff when xl > q7we obtain a su f f i c i en t ly  c lose approximation f o r  DL 1129I 

over the  e n t i r e  i n t e rva l  f o r  xl and 5 ( f i g .  2).  I n  t h i s  case the. t rue  value 

of D is, i n  any case, not grea te r  than the  approximate value. 
.L 

Qualitatively,  t h i s  picture  a l so  takes place when we consider the t rans
mission of neutrons i n  a heterogeneous medium with bounded slugs (spheres, 
cubes, e t c . ) .  The general solut ion of equation (9) may again be represented as 
a superposition of the  l i n e a r  function, which describes the var ia t ion  i n  the 
averaged neutron flux and by means of a function which describes the micro
s t ruc ture  of neutron d is t r ibu t ion .  When the dimensions of the slugs a re  much 
l e s s  than the mean f r e e  path of neutrons i n  the f i l l e r ,  the  microstructure w i l l  
be small and the e f fec t ive  coeff ic ient  of d i f fus ion  is  described approximately 
by equation 

which i s  obtained i n  the same way a s  equation (16) f o r  a medium with cylinders 
(it i s  assumed t h a t  the s lugs are d is t r ibu ted  i n  a random fashion).  If the 

slugs have the form of spheres with radius R,  then x2 = i o R  and 
3 x 2  

When the slug dimensions a re  much la rger  than the mean f r e e  path of neu
t rons  i n  the f i l l e r ,  we can again use the elementary theory of diffusion.  For 
the e f fec t ive  coef f ic ien t  of diffusion ( i n  a medium with spheres) we obtain, i n  
t h i s  case, 

Here w i s  the volume of the slug; W i s  the volume of the c e l l  of the heter
ogeneous medium. The equation has been obtained f o r  the Wigner-Zeitz c e l l ,  but 
it i s  val id  for  small values of W/W ( for  a medium with any d i s t r ibu t ion  of slugs) 
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Figure 2. Coefficients of longi tudinal  
and transverse diffusion i n  heterogeneous 
medium with c i r cu la r  cy l indr ica l  rods ( A 1  

= 0.423 cm; A2 = 2.75 cm; p = 0.65); 1, 

with a degree of accuracy up t o  terms U/W inclusive ( re f .  8) .  For a medium 
with l a t t i c e s  of high symmetry the equation i s  val id  with a high degree of 
accuracy. 

Equations (10)-(20) are  obtained for heterogeneous media without absorp
t ion .  It can be shown, however, t h a t  when conditions Cal/C1 << 1 and Ca2/ 

C2 << 1 are  s a t i s f i e d ,  the average flow, a s  before, w i l l  be approximately pro

portional t o  the gradient of the average f lux and the coeff ic ient  of pro
por t iona l i ty ,  i . e . ,  the  e f f ec t ive  diffusion coef f ic ien t  w i l l  be described by 
the equations obtained previously. Then the average f lux may be expressed by 
means of the conventional wave equation 

where E,, = ? n ~ ? - - k ? a 1  (lv- Oa) i s  the averaged cross sect ion of absorption.
M-

The quant i ty  L -- 1f~7-i: plays the role  of the e f f ec t ive  diffusion length. 

By making use of equation (10) for  the e f fec t ive  coef f ic ien t  of longi tudinal  
diffusion i n  a medium with cy l indr ica l  slugs, we obtain the following expression 

for  the quant i ty  q = $4 (L;= -
3AiAfl') 



' I  

When h2 = (a  medium with the hollow channels), the  l a t t e r  expression /l3O 

takes the form 

q =(1-:-p:!L-3. Q5p_" 
(22)I 1 2 2  2 '  

i .e . ,  it agrees with the results of Fursov (refs .  6 and 9 )  and Behrens (ref. 3) .  

For the t ransverse diffusion of neutrons i n  a medium with cy l indr ica l  slugs 
and f o r  diffusion i n  a medium with spherical  slugs we should u t i l i z e  equations
(16) and (18)when the  dimensions of the s lugs are s m a l l ,  o r  (17) and (20) when 
the s lugs are large.  I n  this case 

When h2 = m, 

L '2 'i W,PZ f o r  cylinders-=(1 +P ) 2-f :,-Q .-2
and L: 

A Long Hollow Channel i n  the  Shielding 

None of the preceding r e s u l t s  i s  applicable t o  the  case of p r a c t i c a l  in
t e r e s t  concerning the propagation of neutrons i n  a shielding with a long hollow 
channel. Indeed, l e t  us  assume t h a t  the medium which f i l l s  the semispace 
z > 0 has an i n f i n i t e  cy l indr ica l  channel and t h a t  an i n f i n i t e  plane source of 
monoenergetic neutrons i s  placed i n  the plane z = 0. Near the channel the d is 
t r ibu t ion  of neutrons which have not undergone co l l i s ion  w i l l  then be d i f f e ren t  
than t h a t  i n  a continuous medium, and the introduction of kff i s  not expedient. 
Frequently it i s  a l s o  meaningless t o  introduce the concept of the  e f f ec t ive  co
e f f i c i e n t  of d i f fus ion  f o r  the  scat tered neutrons, because i n  order that the 
Wick l a w  be va l id  ( i . e . ,  t h a t  the flow through some cross sect ion be proportional 
t o  the gradient of neutron density a t  t h i s  place) it is necessary t h a t  the  con
t r i bu t ion  t o  the stream i s  determined by neutrons which have undergone t h e i r  
last  co l l i s ion  close t o  the  considered cross section, whereas the  contr ibut ion 
f'romthe remote regions i s  small. 

When we have a hollow channel th i s  condition is  usual ly  not s a t i s f i e d .  
Indeed, neutrons from the very remote regions can reach the sect ion under con
s idera t ion  through the  channel without co l l i s ions .  If we have a plane i n f i n i t e  
s l i t ,  the concepts "effective coeff ic ient  of diff'usion" and "effective d i f 
fusion length" are meaningless a t  any distance from the  source. 

I n  the  case of a hollow c i r cu la r  cy l indr ica l  channel t he  s i t ua t ion  i s  some
what d i f fe ren t .  There i s  a region near the  source whose dimensions are of the  
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order of the free path o r  of the channel diameter, where it is  d i f f i c u l t  t o  make 
any statement concerning the  d i s t r ibu t ion  of neutron density. However, i f  the 
neutron absorption is r e l a t i v e l y  weak and the  neutron d i f fus ion  length i n  a con
tinuous medium is  much l a r g e r  than the channel diameter, then behind t h f s  region 
there  i s  another region i n  which the flow through the transverse cross sect ion 
of the  channel is approximately proportional t o  the gradient of neutron density. 
The dimensions of t h i s  region a re  determined by the following conditions (ref. 
6) 


where d i s  the channel diameter; L i s  the e f fec t ive  diffusion length; z1 i s  

the coordinate which character izes  the beginning of the region, and z2 char
ac te r izes  the end of the region. 

Beyond t h i s  point  the Wick l a w  i s  again violated. Qua l i t a t ive ly  the  
p ic ture  i s  explained i n  the following manner. A t  any cross sect ion of the  
channel the value of the stream i s  determined by neutrons which a r r ive  there  
d i r e c t l y  from the  source and by neutrons from the w a l l s  of the  channel. The 
stream component due t o  the  first contribution decreases, being inversely 
proportional t o  the square of the distance from the source. The second f l 3 l  
component i s  proportional t o  neutron density close t o  the  element of a rea  on 
the surface of t he  channel and i s  inversely proportional t o  the  cube of the 
distance from t h i s  area t o  the cross  sect ion under consideration. 

I n  the first region the  contr ibut ion made by neutrons from the source and 
t h a t  by neutrons scat tered by the  wal ls  of the  channel a re  comparable. I n  the 
second region the  contribution by neutrons scat tered by channel walls i s  more 
prevalent, because the  diffusion length i s  su f f i c i en t ly  la rge  and the basic  
contribution is made by the close regions. I n  t h i s  region the neutron densi ty  
increases as  z increases i n  approximately an exponential manner with an "effective 
diffusion length" given by equation (22). As the  distance from the source in
creases, because the exponential undergoes a grea te r  var ia t ion  than any other  
algebraic function, the regions remote from the considered cross sect ion produce 
an ever-increasing contribution t o  the  stream. Wick's law i s  violated,  the neu
t ron  densi ty  i s  not described by the wave equation even approximately and i t s  
var ia t ion  i s  no longer exponential. 

L e t  us determine the  stream of neutrons through the transverse cross sect ion 
of the  channel s i tua ted  a t  a s u f f i c i e n t l y  g rea t  distance from the  source. We 
s h a l l  assume t h a t  the neutron densi ty  i n  the  substance along the length of the 
channel i s  described by the same exponential which, s t r i c t l y  speaking, furnishes  
correct  values f o r  t he  dens i ty  only along the second region. Then we s h a l l  have 
the  following stream through a u n i t  cross sec t ion  
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(coordinate z i s  measured from the cross sect ion under consideration).  

Carrying out in tegra t ion  over r and evaluating the i n t e g r a l  over 9, we 
obtain 

where @, i s  the value of the f lux  a t  the beginning of the channel. 

We can see from the calculat ions t h a t  the stream through the cross sections 
of the channel which a re  remote from the source, due t o  neutrons from the channel 
walls, i s  determined by the region which adjoins the source, and the dimensions 
of t h i s  region are of the order of I,. Therefore the e r r o r  introduced by assum
ing t h a t  the neutron densi ty  d i s t r ibu t ion  i s  exponential along the e n t i r e  length 
of the channel i s  ins igni f icant .  Indeed, the deviat ion from the  exponential law 
i n  the immediate v i c i n i t y  of the source w i l l  produce an ins igni f icant  e f f e c t  be
cause t h i s  region i s  small. A t  the same time we neglected the contr ibut ion of 
the th i rd  region t o  the stream. 

However, a t  t h i s  point  we may have some doubts. Indeed, we can neglect 
the contribution only if the neutron densi ty  var ies  exponentially.  Actually 
along the th i rd  region the densi ty  var ies  a t  a much slower r a t e .  However, 
the contribution t o  the stream from t h i s  region does not depend d i r e c t l y  on 
neutron density,  but, roughly speaking, depends on the gradient  of the density,  
which ac tua l ly  i s  much smaller than when we have an exponential var ia t ion  i n  
neutron density.  Consequently we have more reasons for neglecting the con
t r ibu t ion  of the t h i r d  region t o  the stream. 

The neutrons f ly ing  from the bottom of the channel w i l l  a l so  make a con
t r ibu t ion  t o  the t o t a l  stream through the considered cross sect ion.  This stream 
w i l l  be equal t o  

Equation (24) may be used t o  evaluate the stream (which i n  t h i s  case i s  
approximately equal t o  the f lux )  of neutrons a t  the output of a long channel, 
s t a r t i n g  with the boundary of the acti've zone and passing through the shielding.  
The s i tua t ion  tha t  equation (23) i s  obtained f o r  a channel i n  a semi-infinite 
medium i s  not s ign i f icant ,  because the stream i s  determined by the  magnitude of 
neutron densi ty  a t  the i n i t i a l  region of the channel. 

If it i s  necessary t o  evaluate the stream a t  the output of the  long channel 
passing through the shielding and a l so  penetrating the ac t ive  zone, the component 



i n  equation (24) due t o  neutrons from the  bottom of the  channel should /132 
be replaced with t h e  stream produced by neutrons flowing ou t  of the  channel w a l l s  
i n  t he  ac t ive  zone. Le t  us assume t h a t  t he  neutron dens i ty  along the  channel 
p a r t  of length B, which passes through the  ac t ive  zone, i s  constant. Then by 
carrying out ca lcu la t ion  s teps  analogous t o  those used t o  deduce (23), w e  obtain 

(a.3 = a z = ac t ive  zone; 

and when B << z 

and the t o t a l  stream 
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SEUCTION OF A SYSTEM OF FUNCTIONS FOR THE EXCITATION 
OF JiEXELS DURING ELASTIC SCA!lTERING OF 

NEUTRONS BY IRON, N I m  AND NIOBIUM NUCLEI 

D. L. Broder, A. I. Lashuk, I. P. Sadokhin and A. P. Suvorov 

A knowledge of the cross sect ion of i n e l a s t i c  s ca t t e r ing  of f a s t  /I32 
neutrons with the exc i ta t ion  of d i f f e ren t  nuclear l e v e l s  i s  extremely important 
f o r  the calculat ion of f a s t  reactors  and f o r  biological  shielding and i s  of g rea t  
i n t e r e s t  from the standpoint of nuclear theory. This is  responsible f o r  the  
la rge  quant i ty  of experimental works devoted t o  the study of both the t o t a l  cross 
sect ion of neutron i n e l a s t i c  sca t te r ing  by i ron  nuclei  a s  wel l  a s  of the  d i f 
f e r e n t i a l  cross sect ions of exc i ta t ion  f o r  d i f f e ren t  l eve l s .  A somewhat smaller 
number of works i s  concerned with the study of the  exc i ta t ion  cross sect ions f o r  
the nickel  and niobium nuclei  l eve ls .  

Measurements a re  usual ly  conducted by two methods. "he first of these in
volves the measurement of cross sect ions by the detect ion of neutrons. The sec
ond consis ts  of studying the spectra .of  y-rays which form due t o  the decay of 
the excited s t a t e s  produced by the i n e l a s t i c  s ca t t e r ing  of neutrons. 

Unfortunately t o  date  there  has not been a s u f f i c i e n t l y  exhaustive analysis  
made of a l l  avai lable  data  concerning i ron  and n icke l  nuclei .  The analysis  of 
these data shows tha t  they a re  f a r  from complete and i n  many cases do not make 
it possible t o  obtain s ingle  values fo r  the cross sect ions of i n t e r e s t .  To ob
t a i n  a c learer  p ic ture  we carr ied out experiments t o  study the cross sect ion of 
i n e l a s t i c  sca t te r ing  of neutrons by l eve l s  of i ron,  nickel and niobium nuclei ,  
involving the measurement of the spectra  of y-quanta formed as  a resu l t  of the 
decay of the excited s t a t e s  of these nuclei .  

In  order t o  obtain monochromatic neutrons i n  the energy range of 0.8-2.3 

MeV we u t i l i z e d  the react ion T3 (p, n) He3, which was achieved by means of an 
e l e c t r o s t a t i c  generator of the Van de Graaf type i n  the energy range 2.5-4 MeV 

and the react ion D (a, n) He3, obtained by means of a cascade accelerator .  

The spectrum of the.y-rays was invest igated by means of a s c i n t i l l a t i o n  y
spectrometer. The detector  consisted of a NaJ (Tl) c r y s t a l  with dimensions 40 X 
40 mm, used with a type FEU-13 photomultiplier. "he pulses were analyzed /133 
witha128-channel amplitude analyzer. Theneutrons f a l l i n g  on the sca t te r ing  

element were monitored by an all-wave boron counter and a U235 f i s s i o n  chamber. 
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The purpose of the  experiment w a s  not t o  resolve the  resonances i n  the  cross 
section of ine las t ic  sca t t e r ing  produced by the  presence of the levels associated 
with the composite nucleus. Therefore i n  order t o  increase the in t ens i ty  of the 
neutron source the t r i t i um and deuterium t a r g e t s  had a thickness of 30-50 keV. 

The geometry of the experiment was annular (ref. 1). 

Iron 

In  a na tura l  mixture of i ron  isotopes the most prevalent one of ~ e ~ ~ - 9 1 . 6 8  

percent; 5.84 percent i s  represented by Fe54; 2.17 percent by Fe57 and 0.31 per

cent by Fe58 . It should be pointed out t h a t  the cross sect ions of i n e l a s t i c  s ca t 
te r ing  vary ra ther  smoothly from one isotope t o  another. This s impl i f ies  the  
analysis  ofexperimental r e s u l t s  obtained f o r  t he  na tura l  mixture of isotopes,  
because the addition of an isotope, which i s  not too  prevalent, t o  the t e s t  sample 
cannot produce a sudden increase i n  the output of y-quanta. In  our experiments 
the e f f e c t s  produced by isotopes with a prevalence of less than 2-3 percent were 
p rac t i ca l ly  undetected. Therefore, i n  the case of i ron we can expect a de t ec t 
able contribution t o  the reading of the detector  only because of the i n e l a s t i c  

processes associated with the Fe54 and Fe56 nuclei. 

Figure 1 shows the results of measuring the magnitudes of the y-quanta out
put cross sect ions during the i n e l a s t i c  s ca t t e r ing  of neutrons as  a function of 
t h e i r  energy. When the  energy of neutrons was 4 MeV, y-quanta of the following 
energies were detected: 0.84, 1.02, 1.23, 1.41, 1.81, 2.15 and 2.6 MeV. The 

ana lys i sof  the decay scheme of the excited s t a t e s  of Fe56 and Fe54 nuclei  ( r e f .  
2) has shown t h a t  a l l  y- l ines ,  except 1 .41 MeV, are due t o  the i n e l a s t i c  sca t 

t e r ing  of neutrons by nuclei .  The y-quanta with an energy of 1 . 4 1  MeV 

occur a s  a r e s u l t  of the exc i ta t ion  of the f irst  l e v e l  of Fe54 by the neutrons. 
In  the experiment these quanta a re  detected only when neutrons with energies  
grea te r  than 1.41 MeV i n t e r a c t  with the i ron  nuclei  and cannot be explained by 

the cascade t r ans i t i ons  i n  the Fe 56nucleus. Thus the cross sect ions f o r  the  out
put of y-quanta with energy a t  1.41 MeV ( f ig .  1) correspond t o  the exc i t a t ion  

function f o r  t h i s  l e v e l  of the Fe54 nucleus i n  a na tura l  mixture of isotopes or  
t o  cascade t r ans i t i ons  from higher l e v e l s  through the l e v e l  of 1.41 MeV, when 
the energy of neutrons i s  grea te r  than the energy associated with the  second l e v e l  
of t h i s  nucleus. 

Gamma-quanta with an energy of 1.23 MeV are  formed during the exc i t a t ion  of 
the 2.08 MeV l e v e l  and during the  cascade t r a n s i t i o n  through the 0.84 MeV l e v e l  
t o  the basic s t a t e  of the nucleus. When the  energy of neutrons i s  grea te r  than 
3.26 MeV it i s  possible t o  have an addi t ion of y-quanta with an energy of 1.18 



and 1.3 MeV, which corresponds t o  the exc i ta t ion  of the  3.26 and 3.38 MeV levels .  
we ident i fy  the cross sect ion f o r  the formation of y-quanta with energy 1.23 MeV 
with the exc i ta t ion  function f o r  the 2.08 MeV l eve l ,  because the d i r e c t  t r a n s i 
t i o n  in to  the basic s t a t e  i s  apparently improbable because of the  large difference 
i n  the spins of the excited (h)s t a t e  and basic ( W )  s t a t e .  

The y-quanta with energies of 1.81 MeV can be c l e a r l y  associated with the  
exc i ta t ion  of the 2.62 MeV l e v e l  and with i t s  cascade decay through the 0.84 MeV 
l e v e l .  The output cross sect ion of y-quanta with an energy of 1.81 MeV determines 

56
the exc i ta t ion  cross sect ion f o r  the 2.62 MeV l e v e l  of the Fe nucleus. 

I n  experiments on p-decay conducted e a r l i e r  no d i r e c t  t r a n s i t i o n  from the 
2.08 MeV leve l  t o  the basic s t a t e  was detected. Therefore y-quanta with an 
energy of 2.15 MeV detected by us must correspond t o  the decay of the excited 

3.02 MeV s t a t e  of the  Fe56 nucleus through the 0.84 MeV l e v e l  t o  the basic s t a t e .  
The experimental data i n  reference 3 confirm t h i s  conclusion, although the e a r l i e r  
work of the same author ( r e f .  4) contains contradictory indicat ions.  Our meas
urements did not de tec t  the formation of y-quanta with an energy of 2.15 MeV when 
the neutron energy was less than 3.5 MeV. Thus the cross sect ions for the  out
put of y-quanta with an energy of 2.15 MeV represent exc i ta t ion  cross sections 

f o r  the 3.02 MeV leve l  of the Fe 56 nucleus. 

Gama-quanta with an energy of 2.6 MeV are  not detected when i ron  /I35
nuclei  i n t e rac t  with neutrons whose energy i s  l e s s  than 3.7 MeV. T h i s  points  t o  
the f a c t  t h a t  y-quanta with an energy of 2.6 MeV are  produced by the exc i ta t ion  
of the 3.44 MeV leve l .  

These considerations show t h a t  the processes of i n e l a s t i c  neutron sca t t e r ing  

by the Fe56 nuclei  are always associated with the rad ia t ion  of y-quanta with an 
energy of 0.84 MeV. The y-quanta with an energy of 0.84 MeV, when the neutron 

energy i s  a s  high a s  2.08 MeV, are  due only t o  the d i r e c t  t r ans i t i ons  of the Fe 56 
nucleus i n t o  the basic s t a t e  from the excited s t a t e  corresponding t o  the f i r s t  
0.845 MeV leve l .  When the neutron energy i s  grea te r  than 2.08 MeV, the presence 
of y-quanta with an energy of 0.84 MeV i s  due t o  the d i r e c t  t r ans i t i on  from the 
f i r s t  l eve l  i n t o  the basic s t a t e  a s  wel l  a s  t o  he cascade t rans i t ions  through
the f i rs t  l e v e l  from a higher l e v e l  of the Fe5z nucleus. Other t r ans i t i ons  are  
possible,  but apparently have small p robabi l i t i es  and were not detected by us. 
Thus, d i r ec t  t r a n s i t i o n  with the radiat ion of y-quanta with energies of 3.02 and 
3.44 MeV could have been detected by us when the output cross sections of the 
y-quanta with t h i s  energy were greater  than 30 mbarn. 

I n  view of t h i s  the output cross sect ion f o r  y-quanta with energies of 0.84 
MeV simultaneously corresponds t o  the t o t a l  cross sect ion of i n e l a s t i c  sca t te r ing  

by the Fe'6 nuclei  i n  the na tura l  mixture of isotopes. The possible decrease i n  
the value of t h i s  cross section, caused by neglecting the d i r e c t  t r ans i t i ons  i n  
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Figure 1. Ekci ta t ion function for  i r o n  isotope l e v e l s  
during inelastic sca t t e r ing  of neutrons. 



our evaluation, does not  exceed 150 mbarnwith a neutron energy of 3.5-4 MeV. 
The t o t a l  cross sec t ion  of i n e l a s t i c  sca t te r ing  by the na tu ra l  mixture of iso
topes i s  obviously equal t o  the sum of output cross sect ions of y-quanta with 
energies of 1.41 and 0.84 MeV. 

The exc i t a t ion  funct ion f o r  the 0.84 MeV l e v e l  is equal to the  magnitude 
of the y-quanta output with energy of 0.84 MeV a f t e r  subtract ing the exc i t a t ion  
functions f o r  l eve l s  2.08, 2.62, 3.02 and 3.44 MeV. The t o t a l  cross sect ion f o r  
i n e l a s t i c  s ca t t e r ing  and the exc i ta t ion  function f o r  the 0.84 MeV l e v e l  i s  shown 
i n  f igure 1by broken l i n e s .  T h i s  f igure  a l s o  shows the measurement r e s u l t s  pre
sented i n  the  published works. The small so l id  c i r c l e s  i n  the  f igure  ind ica te  
cross sections obtained i n  measurements involving the detect ion of secondary 
neutrons, and the  crosses show measurements obtained from the output of y-quanta. 
The small l i g h t  c i r c l e s  ind ica te  the r e s u l t s  of our measurements. As we can see 
from the f igure  the r e s u l t s  of the present work on the t o t a l  cross  sect ion 
ag ree re l a t ive lywe l l  with the r e s u l t s  f o r  the  t o t a l  cross sect ions of i n e l a s t i c  
sca t te r ing  by a mixture of isotopes obtained from the de tec t ion  of secondary 
neutrons, and the  results on the output of y-quanta with energies of 0.84 MeV 
agree with the data  from s imi la r  invest igat ions.  An exception i s  represented by 
the data  of references 5 and 6. I n  these repor t s  the output cross sect ions of 
y-quanta with energies 1.23 and 1.81 MeV, measured, respectively,  a t  energies 
of 3.2 and 3.7 MeV, are  grea te r  than those i n  our data  and are  close t o  O . 3 
0.4 barn. 

Our discussions do not consider reference 7, because the da ta  i n  t h i s  work 
do not agree with any of the  avai lable  experimental r e su l t s .  Thus, according 
t o  the r e s u l t s  of reference 7, the output cross sect ion of y-quanta with energies 
of 0.84 MeV f o r  neutrons with energies of 3.4 MeV i s  equal t o  2.26 barn and re
mains l a r g e '  f o r  la rge  energies. 

One of the sources of information on the exc i ta t ion  functions of individual  
l eve l s  of the nucleus t a r g e t  during the i n e l a s t i c  s ca t t e r ing  of neutrons is  pro
vided by experiments which measure the cross sect ions f o r  leading threshold de
t ec to r s  ( r e f s .  8-10) below the threshold of s e n s i t i v i t y .  Unfortunately there  
are no idea l  threshold detectors  whose s e n s i t i v i t y  would represent a uniform 
rectangular step.  A l l  ex i s t ing  threshold de tec tors  have a r a the r  i nde f in i t e  
threshold, and the very concept of t h i s  threshold must be thoroughly determined 
i n  experiments o f . t h i s  type. When the nature of de tec tor  s e n s i t i v i t y  var ia t ion  
with energy ' i s  known, data  on the  cross sect ions f o r  leading under the detector  
s e n s i t i v i t y  threshold, which are some i n t e g r a l  c h a r a c t e r i s t i c s o f t h e  exc i t a t ion  
function, may be used t o  ve r i fy  the constructed system of exc i t a t ion  f inc t ions  
f o r  individual  l eve l s .  Unfortunately most works do not present  data  on the  
var ia t ion  i n  the s e n s i t i v i t y  of threshold detectors  with energy, but present data 
only on the values of the thresholds obtained by extrapolat ing the s e n s i t i v i t y  of 
detectors  to zero. The use of spec i f ic  thresholds obtained i n  t h i s  manner gives 
us low values f o r  the exc i t a t ion  functions of l o w  l eve ls .  1136 

If we use the data  on the s e n s i t i v i t y  of a detector  (ref. l l ) ,  the  cross 
sect ion f o r  leading under a threshold of 2.6 MeV, when Eo = 4 MeV, computed on 
the bas i s  of the  proposed system of exc i t a t ion  functions ( f i g .  l), coincides with 
values obtained experimentally by means of a proportional counter (ref. 8) within 



the  l i m i t s  of experimental e r ro r .  The experimental value is 1 .30  f 0.07 barn, 
and the computed value i s  1.24 barn. 

A se r i e s  of reports presents the var ia t ion of the cross sect ion f o r  leading 
under the s e n s i t i v i t y  of de tec tor  threshold, based on threshold reactions of the 

(n, p ) ,  (n, a), (n, 2n) type. For example i n  reference12, a P3I (n, p) Si3’ de

t e c t o r  is used for  neutron energy of 2.5 MeV, and a Air( (n, p) Mg27 detector  

is  used f o r  neutron energies of 3.3  and 4.1 MeV. I n  reference13, an S32 (n, p) 

P32 detector  is  used f o r  neutron energy of 3.6 MeV. This is correct  only when 
the given detector  is not sens i t ive  t o  neutrons which are  i n e l a s t i c a l l y  sca t 
t e red  with the exc i ta t ion  of low l e v e l s  i n  the t a rge t  nucleus. Otherwise, i n  
some cases, the t o t a l  cross sect ion of i n e l a s t i c  sca t te r ing  may d i f f e r  from the 
cross sect ion f o r  leading under the threshold by a subs tan t ia l  quantity.  For 
example, the measured value of the discharge cross sect ion i n  reference 13  d i f 
f e r s  by 25 percent from the value of the t o t a l  cross sect ion f o r  i n e l a s t i c  scat
te r ing .  

Nickel 

Gamma-quanta of the following energies are  detected i n  the spectra  of y-rays 
occurring during the i n e l a s t i c  sca t te r ing  of neutrons with an energy of 3.0 MeV 
i n  nickel nuclei: 0.65, 0.82, 1.00, 1.39, 1.96 and 2.17 MeV. I n  the present work 
y-quanta with an energy of 0.86, 1.00, 1.16, 1.33, 1.45, 1.80 and 2.20 MeV have 
been detected f o r  neutron energy of 3.5 MeV. 

W e  can see from references 2 and 15 t h a t  the system of nickel nuclei  l eve ls  
is  complex, and the in t e rp re t a t ion  of the r e s u l t s  which have been obtained i s  
r a the r  d i f f i c u l t .  The problem of analyzing the r e s u l t s  i s  fu r the r  complicated 

by the f a c t  t h a t  nickel  has two isotopes,  Ni58-67.76 percent and Ni6’-26.16 per
cent, which a re  prevalent t o  a r a the r  high degree. Based on references 2 and 
15 we made an e f f o r t  t o  i n t e r p r e t  the individual t r ans i t i ons  and determine the 
value of the cross sect ion f o r  the exc i ta t ion  of leve ls .  

Figures 2-4 show the r e s u l t s  of our work as  well  as  the data of other  au
thors  f o r  cross sect ions of i n e l a s t i c  neutron sca t te r ing  by nickel nuclei. 

Gamma-quanta with an energy of 1.33 MeV correspond t o  the decay of the 1.332 

MeV l e v e l  of N i  
60 

nuclei .  The output cross sect ion f o r  y-quanta of t h i s  energy 
i s  the cross sect ion of exc i t a t ion  f o r  the first l e v e l  of the N i b  nuclei  (1.332 
MeV) up t o  an energy of 2.2 MeV, because when the neutron energy is  increased 
there i s  a l so  a probabi l i ty  t h a t  the  2.159 and 2.285 MeV leve l s  w i l l  be exci ted.  
The resolut ion of the spectrometer did not make it possible f o r  us to separate 
the y-quanta which occur when each of these l e v e l s  is  excited. Therefore y
quanta with an energy of 2.2 and 0.86 MeV, which a re  due t o  the  exc i t a t ion  of 



these leve ls ,  correspond t o  the t r a n s i t i o n  i n t o  the basic  s t a t e  or t o  the cascade 
through the 1.332 MeV leve l .  The f ac  t h a t  the  y- l ine of 0.86 MeV i s  due t o  the 
exc i ta t ion  of the second and th i rd  Ni" l eve l s  i s  also confirmed by the f a c t  t h a t  
y-quanta with an energy of 0.86 MeV spec i f i ca l ly  occur when the neutron energy i s  
increased above 2.2 MeV. The sum of the output cross sect ions f o r  the y-quanta 
with an energy of 0.86 and 2.2 MeV determines the cross sect ion of i n e l a s t i c  sca t 
te r ing  with the exc i t a t ion  of the 2.159 and 2.285 MeV leve l s .  

If we subtract  the output cross sect ions of y-quanta with an energy of 0.86 
MeV from the output cross sect ions of y-quanta with an energy of 1.33 MeV, it be
comes possible t o  compute the exc i ta t ion  cross sect ions of the 1.332 MeV l e v e l  
up t o  an energy of 2.624 MeV. I n  reference 5 the  exc i t a t ion  of energy l eve l s  of 
2.624 MeV was observed from the output of y-quanta with an energy of 2.66 MeV. 
Another poss ib i l i t y  for  the decay of this s t a t e  i s  the cascade t r a n s i t i o n  
through the 1.332 MeV l e v e l  with the emission of 2 quanta with an energy of 1.3 
MeV. When the neutron energy i s  above 2.77 MeV a p o s s i b i l i t y  occurs for the ex
c i t a t i o n  of the 2.772 MeV l e v e l  i n  N i 5 8  nuclei  and the decay of t h i s  s t a t e  

through the f i rs t  l e v e l  of 1.452 MeV. This a l so  leads t o  the formation of 
quanta with an energy of 1 .3  MeV. Beyond t h i s ,  up t o  an energy of 3.1-3.2 MeV 
there are no versions for the decay of both nickel  nuclei  l eve l s  with f- '137 
the emission of y-quanta with an energy of 1.33 MeV. Therefore, i n  determining 
the exc i ta t ion  cross sect ion of the 1.33 MeV l e v e l  up t o  an energy of 3.1 MeV 
we must e s t ab l i sh  the portion due t o  the exc i t a t ion  cross sect ions of 2.624 and 
2.772 MeV leve l s  i n  the output cross sections of y-quanta with an energy of 1.33 
MeV. 

Let us  evaluate the exc i ta t ion  cross sect ion for the 2.772 MeV leve l .  In  
our experiments we did not observe y-quanta with this energy which points t o  the 
absence or low probabi l i ty  of the d i r e c t  t r ans i t i on .  If t h i s  i s  t rue ,  the i n 
crease i n  the output cross sect ion of quanta with an energy of 1.45 MeV i n  the 
energy range 2.6-3.03 MeV may be due t o  the exc i t a t ion  of the 2.772 MeV leve l .  
This evaluation gives a cross sect ion value of approximately 40 mbarn when the 
neutron energy i s  3.1 MeV. The increment i n  the output cross sect ion of y
quanta with an energy of 1.33 MeV when the neutron energy i s  from 2.62 t o  3.1 
MeV is  75 mbarn. A cross sect ion of 40 mbarn determines the exc i ta t ion  cross 
sections f o r  the 2.772 MeV l e v e l  of N i 5 8  nuclei ,  and the portion corresponding 

t o  the exc i ta t ion  of the 2.624 MeV leve l  of N i  60 nuclei  i s  35 mbarn. I n  this 

manner we determine the exc i ta t ion  functions for the  2.624 MeV ( N i  60
) and 2.772 

MeV ( N i  %) l eve ls .  

After subtracting the output cross sect ions of y-quanta with an 1138 
energy of 1.33 MeV, which were formed due t o  the decay of the 2.624, 2.772, 
2.159 and 2.285 MeV excited s t a t e s ,  from the t o t a l  output cross sect ion of y
quanta with t h i s  energy, we obtain the cross sect ion residue. We broke down 
t h i s  l eve l  i n t o  the cross sect ion pa r t  which r e f e r s  t o  the  cross sect ion f o r  the 
exc i ta t ion  of the 1.332 MeV l e v e l  and i n t o  the cross sect ion f o r  the exc i ta t ion  
of leve ls  with energies grea te r  than 3 MeV, whose decay may lead t o  the formation 
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Figure 2. Exci ta t ion functions f o r  N i  energy 
levels :  (0,r e s u l t s  of work described i n  r e f 
erence 3; - - - - - ( l e f t ,  i n  f i g .  2a) r e s u l t s  
of work described i n  reference 18); 0 , r e s u l t s  
of present work); a: 1, exci ta t ion  cross sec
t i o n  f o r  1.33 MeV level ;  2, output cross sec
t i o n  of y-quanta with energy of 1.33 MeV; 3, 
t o t a l  exc i t a t ion  cross sect ion f o r  l eve l s  of 

N i  nuclei;  b: 1, output cross sect ion of y
60 


quanta with energy of 2.2 MeV; 2, output cross 
sect ion of y-quanta with energy of 0.86 MeV; 3, 
exc i t a t ion  cross sect ion f o r  2.16 and 2.28 MeV 
leve ls ;  c: 1, exci ta t ion  cross sect ion f o r  
2.624 MeV leve l ;  2, 'output cross sect ion of 
y-quanta with energy of 2.66 MeV; 3, output 
cross sect ion of y-quanta with energy of 1..3 
MeV due t o  exc i t a t ion  of 2.624 MeV level ;  d: 
exc i t a t ion  cross sect ion of l eve l s  with energy 
grea te r  than 3 MeV; e: output cross sect ion of 
y-quanta with energy of 1.16 MeV. 



Neutron energy, MeV 

Figure 3. Excitation functions f o r  energy l eve l s  

of N i  58 nuclei: - - - - -, r e s u l t s  of work re
ported i n  referencel8,  l e f t  side of; , r e s u l t s  

Iof work reported in  reference3; -7-, r e s u l t s  of 

work reported i n  reference 5; 0, r e s u l t s  of pre
sent  work; a: 1, exci ta t ion  cross sec t ion  f o r  
1.452 MeV level ;  2, t o t a l  exc i t a t ion  cross sec

t i o n  f o r  l eve l s  of N i  58 nuclei; 3, output cross 
sect ion of y-quanta with energy of 1.43 MeV; b: 
1, exci ta t ion  cross sect ion f o r  the 2.453 MeV 
level ;  2, output cross sect ion of y-quanta with 
energy of 1MeV; c: exc i ta t ion  cross sec%ion for 
2.772 MeV level ;  d: exc i ta t ion  cross sect ion for 
2.899 and 2.939 MeV leve ls ;  e: 1, output cross 
sect ion of y-quanta with energy of 1.8 MeV; 2, 
exc i t a t ion  cross sect ion for 3.035 MeV leve l ;  
f :  exc i ta t ion  cross sect ion f o r  l eve l s  with 
energy grea te r  than 3.5 MeV. 
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Figure 4. Cross sect ion f o r  i n e l a s t i c  sca t te r ing  of 
neutrons by na tura l  mixture of nickel  isotopes: 

, r e s u l t s  of present work; A, reported i n  
reference 3; .,r e su l t s  of work reported i n  reference 
9; A, r e s u l t s  of work reported i n  reference 12; X, re
s u l t s  of work reported i n  reference 19; +, r e s u l t s  of 
work reported i n  reference 20; 0 ,  r e s u l t s  of work re
ported i n  reference 17; v, r e su l t s  of work reported 
i n  reference 21a. 

of quanta with an energy of 1.33 MeV. Figure 2 shows some of the d e t a i l s  asso
ciated with t h i s  analysis .  

The t o t a l  cross sect ion of ine.1asti.c sca t te r ing  by the Ni60 nuclei  was ob
tained as  the sum of the exc i ta t ion  cross sections f o r  l eve l s  1.332, 2.159, 
2.285 and 2.624 MeV and l eve l s  above 3 MeV which were not resolved i n  our meas
urements. 

The analysis f o r  Ni58 nuclei  was carr ied out i n  a s imilar  manner. The 
exc i ta t ion  of the second 2.458 MeV leve l  leads t o  the emission of y-quanta with 
an energy of 1 and 1.45 MeV. Gamma-quanta with an energy of 1MeV may a lso  occur 
during the decay of the 3.035 MeV leve l  as  a r e s u l t  of cascade t r ans i t i ons  with 
the radiat ion of quanta with an energy of 0.6, 1.0 and 1.45 MeV, because y-quanta 
with an energy of 3.03 MeV i n  the spectra of y-rays were not detected.  /139
The output cross sect ion of y-quanta with an energy of 0.6 MeV ( re f .  5 )  d e t e r  
mines the exc i ta t ion  cross sect ion of the 3.035 MeV level ,  and the difference 
between the output cross sect ions of y-quanta with an energy of 1MeV and the 
output cross section of quanta with an energy of 0.6 MeV determines the ex
c i t a t ion  cross sect ion f o r  the 2.458 MeV l e v e l .  

The exc i ta t ion  cross sect ion f o r  the  2.772 MeV l e v e l  is  evaluated above. 
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The 3.260 MeV s t a t e  a f t e r  exc i t a t ion  apparently i s  capable of undergoing a 
cascade decay with the rad ia t ion  of quanta with energies of 1.8 and 1.45 MeV. 
Thus the output cross  sec t ion  of quanta with an energy of 1.8 MeV, which has been 
measured by us, corresponds t o  the exc i t a t ion  of the  3.26 MeV l e v e l .  H e r e  we do 
not consider the p o s s i b i l i t y  f o r  the cascade decay of the  3.260 MeV s t a t e  through 
the .2.458 and 1.432 MeV l eve l s  with the rad ia t ion  of  y-quanta of energy 0.8; 1.0, 
and 1.45 MeV. 

The decay of the 2.899 and 2.939 MeV s t a t e s  i s  possible  with the emission of 
two quanta with an energy of 1.45 MeV. The analysis  and the establishment of ex
c i t a t i o n  cross sect ions f o r  these l eve l s  w e r e  carr ied out i n  the same manner as  f o r  
the 2.624 MeV leve l .  

Since the decay of the N i  58 excited s t a t e s  takes  place through the f i r s t  ex
c i ted  state--1.452 MeV (we d i d  not de tec t  y-quanta corresponding t o  d i r e c t  t ran
s i t i o n s  from the excited s t a t e s  t o  the  basic s t a t e ) ,  the  subtract ion of the sum 
of exc i ta t ion  cross sect ions f o r  these l eve l s  from the output cross sect ion of 
y-quanta with energies of 1.45 MeV makes it possible t o  compute the exc i t a t ion  
function of the 1.452 MeV l e v e l  up t o  an energy of 3.418 MeV ( the eighth l e v e l  of 

Ni58 nuc le i ) .  If we assume t h a t  the exc i ta t ion  function i n  the energy range of 
3.4-4.0 MeV i s  constant, we  obtain the cross sec t ion  residue which we a t t r i b u t e  
t o  the exc i ta t ion  of t he  Ni58 nuclei  l eve l s  s i tua ted  above 3.418 MeV. 

The exc i ta t ion  functions f o r  the individual  s t a t e s  and the t o t a l  cross 
sect ion of i n e l a s t i c  neutron sca t te r ing  by N i 5 8  nuclei  i s  shown i n  f igure  3. 

Due t o  i n e l a s t i c  sca t te r ing  of neutrons, the N i 6 I  isotopes (with an abundance 

of 1.25 percent) and the N i 6 2  isotopes (with an abundance of 3.66 percent) may pro
duce y-quanta with an energy of 1.16 MeV, which a re  already detected when the neu
t ron  energy is  1 . 2  MeV. 

The t o t a l  cross sect ion of neutron i n e l a s t i c  s ca t t e r ing  by Ni58, Ni60, N i  61 

and mi6' nuclei  i s  shown i n  f igure  4. The values of the cross sect ions a re  given 
f o r  a natural  mixture of isotopes.  The c i r c l e s  i n  the same f igure  represent the 
r e s u l t s  of measuring the t o t a l  cross sect ion f o r  i n e l a s t i c  s ca t t e r ing  by nickel  
nuclei  obtained from neutron measurements. As we can see from f igure  4 our /140 
r e s u l t s  agree with data  presented by other  authors.  

Niobium-93 

Figure 5 shows the curves f o r  the transverse output cross  sect ion of y-quanta 
generated during the i n e l a s t i c  sca t te r ing  of neutrons by Nb93 nuclei .  According 

t o  reference 2, the Nb93 nuclei  contained the  following leve ls :  0.029, 0.765 and 

0.986 MeV. Reference 16 presents  a schematic f o r  the  l eve l s  of Nb93 nuclei  and f o r  
the transverse output cross  sections of y-quanta with energies of 0.741, 0.809, 
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Figure 5 .  Transverse output cross  sect ion 
of y-rays during i n e l a s t i c  s ca t t e r ing  of 

neutrons by Nbg3 nuclei ,  measured i n  pres
en t  work: 1, output cross sec t ion  for y
quanta with energy of 0.96 MeV; 2, output 
cross sec t ion  of y-quanta with energy of 
0.76 MeV; 3, output cross sect ion of y-quanta 
with energy of 0.81 MeV; 4, output cross sec
t i o n  of y-quanta with energy of 1.08 MeV. 

0.953 and 1.08 MeV. I n  our measurements of y-spectra, occurring during the in
e l a s t i c  sca t te r ing  of neutrons with energy 3.5 MeV by niobium nuclei ,  we detected 
y-quanta with the following energies: 0.76, 0.81, 0.96 and 1.08 MeV. I n  studying 
the output of y-radiat ion as a function of energy associated with neutrons which 
bombard the sca t te r ing  mater ia l ,  we establ ished t h a t  t he  specified values of y

quanta energies correspond t o  the exc i t a t ion  of Nb93 nuclei  energy l eve l s .  Figure
6 presents the values of t o t a l  cross sections f o r  the i n e l a s t i c  sca t te r ing  of neu

t rons  by Nbg3 nuclei  obtained i n  the  present work and i n  other  works. The values 
of the t o t a l  cross sec t ion  are obtained by adding the cross sect ions f o r  l eve l s  
0.760, 0.810, 0.960 and 1.08 MeV. A s  we can see from f igure  6, the r e s u l t s  of the  
present work agree s u f f i c i e n t l y  w e l l  with the  r e s u l t s  presented i n  references 17 
and 16. 

The authors express t h e i r  g ra t i tude  t o  V. S. Stavinskiy f o r  the valuable d i s 
cussion of the r e s u l t s  which have been obtained and t o  Y e .  V.  Shestopalov, V. S. 
Borisov, V. A. Romanov, 6 .  N.  Deryagin and A. P. Klimov f o r  t h e i r  pa r t i c ipa t ion  i n  
the  experiment and for t h e i r  ass i s tance  i n  the work. 
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Neutron energy, MeV 

Figure 6. Total  transverse cross sec t ion  of i n 

e l a s t i c  sca t te r ing  of neutrons by Nbg3 nuclei .  Solid 

T
l i n e ,  r e s u l t s  of present work; 

I 
, r e s u l t s  presented 

i n  reference 17; broken l i ne ,  r e s u l t s  presented i n  
reference 16. 
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REPRESENTATION OF DECAY CURVES FOR FISSION FRAGMENTS 
BY FUNCTIONS OF A GIVEN FORM ( eb t )  

V. I. Lebedev, P. Y e .  Stepanov 

The following problem i s  solved i n  order t o  represent the decay /142 
curves of f i s s i o n  fragments obtained experimentally a s  a sum of functions of given 
form. 

Let us assume t h a t  w e  have a function of two variables  cp (b, t) determined i n  

a rectangle [bl 2 b b“] [ t o  t 5 T] which i s  s u f f i c i e n t l y  smooth and i s  such 

t h a t  any system of functions cp (b3’ t )  f o r  various b 
j 

i s  l i n e a r l y  independent 

along the  segment [to,T I .  


on the  segment [t0’ T] a t  the  poin ts  t = ti (i = 0, 1, ..., N ) .  Let us use 


Let us assume t h a t  the  function f ( t) i s  assigned 

E = E (to,T,  n, pi, a j’ 
b . )  t o  designate the following expression

J 

.V I 

E = (x  ! / (:,) -. ( L , L ( p  (b,,Ii)]’ pi)’’’, 
, I I ,  I 

where pi 2 0 are  weights which are  normalized i n  a spec i f i c  manner and are se

lec ted  i n  such a way a s  t o  s a t i s f y  the required nature of the  approximation. 

We formulate the  following problem: 

(1) it i s  required t o  f ind  the minimum n (n1 
5 n) f o r  which min E < �1, 

using given values �1> 0, nl, ak, bk; 

( 2 )  it i s  required t o  f ind  min E from a given n; a b 
k’ k 

(3) it i s  required t o  f ind min E from the given values, n, bk (k = 1, 2, ..., n) 
“k

The f i r s t  and second problems are  nonlinear, whereas the t h i r d  i s  l i n e a r .  If 
we use the  designations 

I 



the following equa l i t i e s  must be sa t i s f i ed  a t  the point  of minimun: 

The f i rs t  and second problems are  solved by applying a gradient i t e r a t i o n  
converging process with an automatic s tep  se lec t ion  and f r e e  of such l imi ta t ions  
as: (1)
ti, and of weight pi 

a special  se lec t ion  of the function cp i n  the in t e rva l  [to, T] of points 
and (2) the necessi ty  of accurately assigning the function 

f (t) f o r  t = ti and the computation of second der ivat ives  f o r  the function 

cp (b,  t ) .  

Let us assume t h a t  we have approximate values f o r  a', p, E', gradb E9 , 
obtained during the q-th s tep  of the investigated process (bo are  assigned arbi

t r a y i l y ) .  We then obtain the following f o r  computing a 
-q+l,q+l , b , gradb 

Eq+l 
-~ \ b q== -h"'I,--! grad/ FqL 

1; grad,,L3 j /  ' 
_ _  
@ l + I  ~ GI -1bbq.  

Using the assigned values of gfl, and solving the l i n e a r  system of /143 
equations (21,we f ind Zq+land compute ~ q + lgradb Eq+l . 

To solve the second problem we take the required number of successive approx
imations u n t i l  one of the following inequal i t ies  i s  s a t i s f i e d  

or 
(4) 


( 5 )  
The solut ion of the f i r s t  problem i s  reduced t o  a successive solut ion of the 

second problem for n = "1, nl + 1 ... u n t i l  inequal i ty  (4) i s  sa t i s f i ed .  The 
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t r ans i t i on  from n t o  n + 1 i s  achieved when inequal i ty  ( 5 )  with bn+l = (1+ ;)1 

bn i s  sa t i s f ied .  Matrix A i s  diagonal with posi t ive elements on the pr inc ipa l  
diagonal. It serves to accelerate  the decrease i n  E, f i r s t  by providing a more 
rapid var ia t ion  i n  those b3 whose increments do not change t h e i r  s ign and sec

ondly by decreasing the var ia t ions of those bJ whose increments Ab3 change t h e i r  

sign. All p3 are determined by means of the equation 

where p i  2 0 and p'i may be taken as the  quant i ty  p'i 

6 > 0 i s  an assigned number which makes it possible 

approximat ion. Quant i ty  hq var ies  i n  t h e  following 

where when E7 < (1 -i- I O - " )  f F J ,  (A"1gradbEq'l, grad@) 

= min (- 1 ,2)where 
b 2 ( t + )  b2 

t o  assign t 6 e  nature of t h e  

manner 

0; 
when (A"-' grad,l/:"-l, gradbEl) < 0; 
when (1 4-10-O) 1.' I? < 
where p i s  thus selected u n t i l  condition 

< aiEq i s  sa t i s f i ed .  
41

Here CY 2 1, CY1 2 1 (CY = g, a1 = G). Such a se lec t ion  of CY provides f o r  

an increase i n  h9 and consequently f o r  the accelerat ion of the decrease i n  E, 

i f  iq,Eq are  f a r  removed from 8 ,  b which give the minimum E; it a l s o  takes  in to  
account the e r ro r s  when the values a re  rounded off; it provides f o r  a decrease 
i n  E; It s t ra ightens out the  t r a j ec to ry  f o r  the var ia t ions i n  vector b 

and f sna l ly  it provides f o r  a decrease i n  hq when the values of aq, 6' a re  close 
t o  a, b. 

This algorithm was programmed on the M-20 e lec t ronic  d i g i t a l  computer. This 
program was used t o  process the decay curves1 f o r  the U235 f i s s i o n  fragments. 

The graphs f o r  the decay curves were taken from the journal  Nuclear Science 
Engineering, V O ~ .3, 726, 1958. 



The curves were represented as the sum Cake-bkt with an accuracy to 5 percent. 


The quantities t, n, and b in the computed examples varied within the following 


limits: 102 5 t 5 lo9; 5 5 n 5 8 ;  S bk 5 5.10-3. 
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THE SPECTRTJM O F  GAMMA-RADIATION PRODUCED BY THE PRODUCTS O F  
URANIUM FISSION. EFFECTIVE ABSORFTION COEFFICIENTS 

FOR THE GAMMA-RAY SPECTRUM AND THEIR UTILIZATION 
FOR TAE COMPUTATION OF SATKDING 

V. P. I l r i n  

Computation of Gamma-Radiation Spectrum Produced by 
Uranium Fiss ion Products 

The y-radiat ion spectrum of uranium f i s s i o n  products was computed f o r  /I44 
w i d e  i n t e rva l s  of time associated with the i r r a d i a t i o n  of U i n  a reac tor  (T = 1-730 
days) and i t s  aging a f t e r  i r r a d i a t i o n  (t = 1 see-730 days). 

The radiat ion intensi ty .was normalized by computing it f o r  1kW of heat  l i b 
e ra t ion  i n  the uranium i r r ad ia t ed  i n  the reactor .  

I n  t h i s  case the  @-ac t iv i ty  of the i - t h  isotope ( f i s s ion  product) is  equal t o  

where for the  parent isotope 

and for the decay product 

The gamma-activity of the k-th l i n e  f o r  the  y-spectrum of the  i - t h  isotope 
i s  determined from i t s  @ a c t i v i t y  

g equ iva len t  of radium/kW (4) 



where 


3,7.l o l o .  I ,G,IO-G.3G00 
-all = 4 X . ( ) , ]  i .x;;lTl(p- G , J h  = (5) 

= 0.183.105E Y g=equivalentradium/Ci *decay/quantum
'lk 

Equations (1-5) utilize the following designations and constants: w l i ;  

w2i are the yields of the parent isotope and the independent yield of the de

cay product for each fission of U; tuli$ are the percentage yields of the 


parent and decay product isotopes for each fission of U; Xli; hei are the de


cay constants for  the parent and the decay product isotopes, respectively; Evk 
is  the quanta energy of the k-th spectrum line, MeV; nk is the number of quanta 

with energy E,rk for each B-decay; n e  is the percentage yield of quanta with 

energy 5 k  for each fl-decay;yk is the absorption coefficient of y-ray energy 

in air, corresponding to Fky cm-1; 3.2 x 1013 is the number of u fissions per 
second for 1 kW of heat liberation; 3.7 X 1O1O is the number of decays per sec

ond for 1 Ci; 1.6 x is  the energy equivalent of 1 MeV, erg; 8.4 X 103 is 
the y-constant of Ra. (the power of the dose produced by 1 g of Ra at a distance 
of 1 cm behind O,5 mm of Pt, r/hr). Equations (1-5) were used to compute the y
activity for each spectrum line associated with the y-rays of the isotopes. 

Details associated with the computations are as follows. 


1. When A2 > 20h1, the calculations of activity for the decay product iso

topeswere carried out by means of equations (1) and (2), in which the substitu
tion hli = h l  was made. If A1 > 20A2, the genealogical association of isotopes 

was not considered. 


2. In computing the accumulation of Xe135 it was assumed that it has a 
large cross section for the absorption of neutrons. For this purpose equation
(3) was replaced with equation (3a) 
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where A,'
21 -- &2i + u2#; u2 = 3.50106 barn i s  the  effective absorption cross  1146 

sect ion of Xe135 neutrons; = 16-3 neutrons/cm*sec is  the  f lux  of neutrons 
which corresponds approximately t o  a heat l i be ra t ion  of 3 W/g by na tura l  ura
nium (assumed a r b i t r a r i l y ) .  

The gamma-spectrum of U f i s s ion  products is  divided in to  10 groups, and 
an e f f ec t ive  energy value is selected f o r  each of these groups. The average 
energy of t h e  groups w a s  se lected so t ha t  it w a s  equal t o  the energy of the 
most intense l i ne ,  o r  i n  the case of competing l i n e s  it w a s  close t o  the highest  
energy of these l i n e s .  

The t o t a l  y -ac t iv i ty  of the  uranium f i s s i o n  products f o r  various values of 
T as a function of t is  shown i n  figure 1. To make interpolat ion convenient, 
figure 2 shows the  var ia t ion  i n  the t o t a l  y -ac t iv i ty  as a function of T. 

Effective Absorption Coefficients of the  Gma- ray  
Spectrum and Their Ut i l i za t ion  f o r  the  Computation 
of Shielding 

In  computing the shielding of y-radiation it i s  convenient and expedient 
t o  u t i l i z e  the e f fec t ive  absorption coeff ic ients  fo r  a w i d e  b e a m  of y-rays i n  
the shielding material. It i s  pa r t i cu la r ly  expedient t o  u t i l i z e  the e f f ec t ive  
absorption coef f ic ien ts  of y-rays i n  computing shielding against  sources of 
complex geometric form. 

The ef fec t ive  absorption coef f ic ien t  takes in to  account the buildup /147
of scat tered rad ia t ion .  For a wide monochromatic b e a m  of y-rays it may be 
computed by means of the following equation: 

where CL 0 i s  the l i n e a r  absorption f o r  a narrow beam of y-rays of given energy 

EY cm-l; A i s  the shielding thickness, cm; B = B (p0A; E
Y 

) i s  the buildup fac

t o r  f o r  the  scat tered rad ia t ion  during the at tenuat ion of the w i d e  y-ray beam 
( i t  can be obtained from the data presented i n  the work of Fano, ref. 1). 

A su f f i c i en t  accuracy i n  the computation of shielding is  retained when 
the ef fec t ive  absorption coef f ic ien ts  are u t i l i zed .  This can be shown by 
means of an example. L e t  us assume t ha t  the dose power behind the shielding, 
due t o  an i n f i n i t e  l i n e a r  source, i s  equal t o  



where r = 2.3 106 pR/sec cm2/g.equivalent of R a  i s  a constant; q, i s  the  a c t i v i t y  

of 1 running cm of the  source, g-equivalent of Ra/cm; R is  the  distance from the  

source i n  cm; F (poA, B, 80) = B (PA, sec 8) e-pA d8 is  the  attenua
0 

t i o n  fac tor ;  p i s  the  l i n e a r  absorption coef f ic ien t ;  8 i s  the  angle of incidence 
f o r  the  rays f a l l i n g  on the shielding. 

We can see from equation (7)  t h a t  i n  order t o  evaluate the  accuracy of 
t he  computations it i s  su f f i c i en t  t o  compare the  at tenuat ion fac tors  computed 
by various methods. 

Table 2 presents  t he  at tenuat ion fac tors  computed from data  presented by 
P ib l s  concerning buildup f ac to r s  B 

P 
( 8 )  when the  rays f a l l i n g  on the shielding 

are inclined, using a method which represents the  buildup fac tor  as a sum of two 
exponents ( r e f .  2) and a l so  using the  e f fec t ive  absorption coef f ic ien ts  obtained 
by means of equation (6) .  A comparison of the computation results with P i b l s '  
data  i s  car r ied  out with a y-quanta energy equal t o  6 MeV and when the  shield
ing material i s  i ron.  

Figure 1. Variation i n  y-ac t iv i ty  of U235 f i s s i o n  products 
as function of aging t i m e  t ( i n  days). CeIc = sec; MHH = 
min; Y = hr; cym = days. 
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TABLE 1 


Group Energy in te rva l ,  
MeV 

Energy in te rva l ,  Average energy, 
MeV 1 MeV 

- -. 
I I  

1 0-0.38 0.3 2.19 
2 0.38-0.57 0.51 2.53 
3
4 
5 

0.57-0.76 
0.76-1.2 
1 . 2  -1.7 

0.72 
1.o 
1.6 

2.92 
3.5 
4.5 

6 
7 
8 
9 

10 
~ _ .-

We can see from t ab le  2 t h a t  the  use of the effect iveabsorpt ion coef f ic ien t  
fo r  y-rays yields  results which are su f f i c i en t ly  accurate and makes the compu
t a t ion  subs tan t ia l ly  simpler. 

It i s  expedient t o  use the  advantages associated with the  application of 
the e f fec t ive  absorption coef f ic ien ts  t o  the computation of shielding when w e  
have a complex spectrum of y-radiat ion.  

When we have such a complex y-ray spectrum the  e f fec t ive  absorption 
coeff ic ient  i n  the shielding, which takes  in to  account the  buildup of scat tered 
y-radiation ( ref .  1)according t o  the Fano theory, may be computed by means/l66 
of the  following equation 

where subscript  k represents the number of the energy group; subscript  i rep
resents  the  number of the l i n e  i n  the  k-th group; 

%i,k repre sent s the  inten

s i t y  of the spectrum l i n e  ( a c t i v i t y ) ,  expressed e i t h e r  i n  absolute or r e l a t ive  

un i t s .  

The ef fec t ive  absorption coef f ic ien ts  for  y-ray spectrum of U f i s s ion  
products i n  water, concrete, i ron  and lead w e r e  computed by using equation (8) 
and the data of t ab le  3. 

The results of t h i s  computation are presented i n  f igures  3-11, respectively,  
f o r  w a t e r ,  concrete (densi ty  of 2 .3  g/cm3), i ron  and lead. 

The results of computing the a c t i v i t y  of U f i s s i o n  products and the effec
t ive absorption coef f ic ien ts  f o r  y-ray spectrum of f i s s i o n  products ( f ig s .  1
11)may be used conveniently i n  the p rac t i ca l  computation of rad ia t ion  shield
ing against  sources of various form. I n  t h i s  connection a l l  of the  equations 
presented i n  the  9 t h  Chapter of Rockwell's book ( ref .  2)  may be used, i f  the  
changes specified i n  t ab le  3 are taken in to  account. 



TABLE 2 

~ -. .-

Method of Attenuation factor 
computation F @oh, B, 90) 

2~~~ 

According t o  P ib ls  0.205 

B (p A )  = Ale-CYipO A 
0 

+ A2e-aPoA 
+ A2 JSI2 e - ( l  + CY2 ) poA sec 9 d.$ 0 ~ 8 . 2  

0 

3.185 

~ 

The a c t i v i t y  of the f i s s i o n  products and peff for t h e i r  spectrum are pre

sented above. They have been computed without taking in to  account N P ~ ~ ,which 

i s  obtained when U 2 B  neutrons are absorbed when U i s  i r r ad ia t ed  i n  the  re

ac tor .  The Np239 y ie ld  fo r  each f i s s i o n  of U depends on the  conversion r a t i o  
( re f .  3) .  

When the  y ie ld  of Np2B per  f i s s i o n  i s  100 percent, the  gamma-activity 

due t o  Np2B i s  equal t o  

A,,,, = 57 (1 - I e-'~rJ*g - equiv of Ra/kW. 

The decay constant of Np2B can be computed e a s i l y  from the ha l f  l i f e ,  
which i s  equal t o  2.33 days. 

The ' e f f ec t  of Np2B y-ac t iv i ty  i s  manifested only when the  shielding 
thickness i s  s m a l l  (up t o  100 cm of water, up t o  45 c m  of concrete, up t o  1 3  
cm of i ron  o r  up t o  4.5 cm of l ead ) .  I n  these cases the  computation of the  
dose power behind the shielding should be car r ied  out  by taking in to  account 
the  dose produced by neptunium (Np). The e f f ec t ive  absorption coef f ic ien ts  
f o r  y-rays of  Np peff f o r  t he  shielding thickness specif ied above are equal 

t o :  f o r  water 0.105 c m2/ g ;  f o r  concrete ( y  = 2.3 g/cm3) 0.071 cm2/g; f o r  i ron 
0.102 cm2/g; f o r  lead 0.32 cm2/g. 
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Figure 2. Variation i n  the y-ac t iv i ty  of $35 f i s s i o n  
products as function of i r r a d i a t i o n  time T i n  reactor .  
CeK = sec; MHH = min; = hr; cym = days. 

I n  conclusion the author expresses h i s  gra t i tude  t o  0. S. Kubasova 
and N. Y e .  Ivanova f o r  t h e i r  help i n  preparing the  data f o r  the  e lec t ronic  
computer and f o r  processing t h e  computation results. 
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Figure 3. Effective absorption coefficients ( p e f f )  f o r  spectrum of y-rays of U 

fission products in water with aging t i m e  t from 1 see t o  5 days. 





Figure 4. Effective absorption coefficients (beff) f o r  y-ray spectrum of U 

f iss ion products i n  water with aging time t from 10 t o  730 days. 
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Figure 5 .  Effective absorption coefficients (peff)  f o r  y-ray spectrum of U 

f i s s ion  products i n  concrete with aging t i m e  t from 1 sec t o  280 days 

(y = 2.3 g/cm3). 
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Figure 6. Effective absorption coefficients (peff) f o r  y-ray spectrum of U 

f i ss ion  products i n  concrete with aging t i m e  t from 5 min t o  730 days 





Figure 7. Effective absorption coefficients (p
eff 

) for y-ray spectrum of U 

f i s s ion  products i n  i ron with aging time t from 1 sec t o  150 days. 
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Figure 8. Effective absorption coefficients (peff) f o r  y-ray spectrum of U 

f i s s ion  products i n  i ron with aging time t from 30 min t o  730 days. 
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Figure 9 .  Effective absorption coeff ic ients  (Pe f f )  f o r  y-ray spectrum of U 

f i s s ion  'products i n  lead with aging time t from 1 sec t o  150 days. 
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Figure 10. Effective absorption coefficients (Peff)  f o r  y-ray spectrum of U 

f i ss ion  products i n  lead with aging time t from 1min t o  10 days. 
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Figure 11. Effective absorption coefficients (peff) f o r  y-ray spectrum of U 

f iss ion products i n  lead with aging time t from 30 t o  730 days. 



TABLE 3. QUAPITTIES CONTAINED I N  THE EQUATIONS FOR COMPUTING THE DOSE POWER FROM 
VARIOUS SOURCES AND THEIR EQUIVALnVTS PRESENTED I N  (RFF. 2).  

Quantity Dimension Equivalent valueI 
According t o  Rockwell ( r e f .  2) Quantity Dimension 

1 


(p - Flux of y-quanta Py - Dose power pR/sec
cm-sec 

1-So - Point source power see Qo - Point source ac t iv i ty  g .equivalent of Ra 
Iu 
wCn 
 1 

SL - Linear source power cmosec qL - Linear source ac t iv i ty  goequivalent of Ra/cm 

1
SA - Plane source power cmz-sec gs - Plane source a c t i v i t y  g e quivalen t  of Ra/cm2 

Si - Volumetric source power 1 qi - Volumetric source ac t iv i ty  g .equivalent of Ra/cm3 
cm3*sec g -equivalent of R a  

-b = @  - b = pef# 

B - Buildup fac tor  - pR/sec .cm2/g *equivalent of Ra 
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AVERAGE CROSS SECTIONS OF THE FGNCTION FOR TRE GAMMA-SPECTRUM 
OF FISSION FRAGMENTS 

V. K h .  Tokhtarov 

In  the  monograph of reference 1mention i s  made concerning the pos
s i b i l i t y  of obtaining photoneutrons by using the  y-radiat ion of U f i s s i o n  

/167 
products. The same work presents the  photoneutron formation cross sections f o r  
the same products. O u r  goal has been t o  compute the average cross sections of 

the Beg4 (y, n) Be8 
4 react ion f o r  y-quanta spectrum of f i s s i o n  products consider

ing d i f f e ren t  i r r ad ia t ion  and aging t i m e .  The cross sect ion of t h i s  react ion 
as a function of y-quanta energy i s  presented i n  references 1-3. 

To simplify the calculat ions,  w e  break down all of the y-quanta i n  a 
s e r i e s  of in te rva ls  according t o  energy. The cross section of the  Be94 (y, n)  

Be8 
4 react ion f o r  each such in t e rva l  i s  assumed t o  be constant and equal t o  the 

average cross sect ion over t h i s  i n t e rva l .  In te rva ls  with the  same average 
cross sections are collected in to  one group. All  o f  the considered groups are 
presented i n  tab le  1. 

The in tens i ty  of the y-quanta sources of i - t h  energy are computed by 
means of  equation (1)and ( 2 ) ,  assuming t h a t  U i s  i r r ad ia t ed  f o r  a period T 
such tha t  the power of heat l i be ra t ion  i n  it i s  1 kW. 

1. For the  parent isotope 

Qi=3.2. 101:iyqi( 1  -C - A ~ ’ )  e-Rt .  

2. For the  decay product isotope 

Here y i s  the t o t a l  y ie ld  of the i - t h  isotope per  f i s s i o n  expressed a s  a 
fract ion;  T i s  the i r r ad ia t ion  time; T i s  the  aging time after i r rad ia t ion ;  
X i s  the decay constant; Ti i s  the yield of i - t h  energy y-quanta per  decay. 

Subscripts 1and 2 refer t o  the parent isotope and t o  the  decay product isotope, 
respectively.  
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TABLE 1. AVERAGE CROSS SECTION OF Be: (y, n)  Be84 FEACTION 
A S  A FUNCTION OF 1/-QUANTA ENERGY. 

Average cross sect ion of 
Group Energy interval,  MeV 

1 1.667-1.75 10 
2 1.75 -i.8 8 
3 2.7 -2.8 7 

4 	 1.8 -1.85 
2.65 -2.7 

5 2.6 -2.65 5 - 5  

6 	 1.85 -1.95 
2.5 -2.6 
2.8 -4 f 5 
1.95 -2.05 4.5 

8 2.05 -2.5 I 4 

The i n i t i a l  da ta  on the  isotope fragments are presented i n  t a b l e  2. 
Isotopes with a h a l f - l i f e  of l e s s  than 3 min and with a f i s s i o n  y ie ld  of l e s s  

than 3.10-3 percent do not m a k e  a noticeable contribution t o  the  t o t a l  a c t i v i t y  
and are therefore  not considered. 

The d i s t r i b u t i o n  of y-quanta sources i s  assumed t o  be uniform over the  
volume. Consequently the f l u x  of j - t h  group y-quanta i s  proportional t o  the 
in t ens i ty  of y-quanta i n  the  same group, and the  averaging out of the  reac t ion  
cross sect ion over the  f l u x  may be replaced by i t s  averaging out over the  
in t ens i ty  

Here 3 i s  the  average cross sect ion;  u i s  the  cross sec t ion  of the  j - t h  group;
j 

Qj  i s  the  i n t e n s i t y  of the  j - t h  group y-quanta. The results of the  computa

t i o n s  giving the  number of y-quanta per  1kW i n  1 sec, the  average energy of 

y-quanta i n  MeV and t h e  average cross sect ions of the  Be9
4 

(y, n )  Be! reac t ion  

i n  cm2 are presented i n  t a b l e  3. 
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TABLE 2. FISSION PRODUCTS. 


Isotope and 
Total isotope 

Parent isotope rota1 yield f o r  f i s s ior  Energy of  y-quanta, L i teratureyield per
ha l f  - l i f e  f i ss ion ,  $ and half  - l i f e  of parent isotope, 4 MeV; decay y ie ld  

Ge77 12 hr 3.7 10-3 	 2.32; 1.06 
2; 4.13; 
1.74; 0.709 

AsT8 91 min 2 Gey8 86 min 	 2.65 
0.88 

Br84 9 . 8  min 0 *9 ~ e 8 43.3 min 3-93; 9.62 
3.28; 2.31 
3.03; 3.08 
2.82; 1.54 
2.47; 0.62 
2.17; 1.54 
2.05; 1.34 
1 - 9 ;  13.9 
1.74; 1.54 

Kr87 78 min 2.7 	 2.57; 35.3 
2.05; 5.04 

Kr88 2.8 h r  3.5 2.4; 33.4 
2.19; 16.7 

Pb88 17.7 m i n  3-57 Kr88 2.8 h r  4.87; 0.294 
3.68; 0.084 
3.52; 0.231 
3.24; 0.294 
3.01; 0.294 
2.68; 2.25 
2.11; 0.945 
1.85; 21 

Rb8’ 14.9 min 4.8 Kr89 3.2 min 4.4 3.52; 2.18 1 (5-8)
2.75; 2.78 	 1 
I 



TABLE 2. (CONTINUED) 


Isotope and 
half  - l i fe  

Ygo 64.8 hr  

Yg2 3.4 h r  

Yg3 11h r  

Zrg7 17 h r  


I' Molo1 14.61 mi1
F 

mlo6 366.6 
days 

Ag112 3.2 hr 

Total isotope 
yield per 
fission, 59 

5 *77 

5 -9 

6.45 

5 *9 

5 

0.38 

Parent isotope rota1 yield f o r  f i ss io i  Energy of y-quanta, 
and ha l f - l i fe  of parent isotope, fk MeV; decay yield 

2.59; 2.18 
2.2; 14.3 

srg0 28.4 y r  1.77; 6.10-4 

Srg2 2.6 hr 	 2.4; 0.179 
1.9; 0.895 

2.14; 0.824;
1.88; 2.23 

2.58; 1; 2.2; 2 

2.08; 16 
(conditional 

spectrum) 

3.45; 0.00945 
3.05; 0.00945 
2.93; 0.00945 
2.66; 0.0189 
2.42; 0.0945 
2.27; 0.0945 
2.1; 0.047 
1.96; 0.0567 
1.85; 0.00945 
1.7"; 0.0945 
( conditional 

spectnun) 

P a l l 2  21 h r  	 2.79; 1.19 
2.51; 2.38 
2.11; 5.36 
1-83; 3.57 

Literature 



Isotope and 
half- l i fe  

Sn125 9.7 days 

J132 2.3 h r  

J134 52.4 m i n  

~ s 1 3 ~32.1 min 

T o t a l  isotope 
yield per$fission, 

1.3.10-2 

4.38 

8 

TABLE 2. 

Parent  isotope 
and half - l i f e  

-

Te132 77.7 hr 

Te134 44 min 

Bal4O 1 3  days 

Ba142 6 min 

-

(CONTINUED) 


T o t a l  yield f o r  f i s s i o n  Energy of y-quanta ' Literature 
of parent  isotope,  % MeV; decay yield 

- 1.97; 2.4 

4.28 	 2.2; 2.13 
1.96; 5.32 

6.7 11.78; 1 
(condi t iona l  

spectrum) 

I 
- 2.01; 5; 1.78; 5 (4, 6 )

1 ( condi t ional  
Ispectrum) 

4.5 

6.24 I 3.0; 2 
2.54; 5.5 

(5, 6 )  


1.91; 0.5 

( condi t ional  


spectrum) 

5.65 3.4; 3.13; (4,5)
2.9; 9.38; 

2.4; 34.4; 2.1 

18.75; 1.8 9.38 

( 6 )  


- 2.2; 0.8 (4, 5 )  

~ 5.7 

La140 40.3 hr 6.44 

La142 81 min 5 a95 

~ ~P F 2.85 min ~ 6 

i 
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TABLE 2. (CONCLUDED) 

Isotope and isotope Parent isotope Total yield f o r  f i s s ion  Energy of y-quanta, 
half  - l ife 	 yield per and half  - l i f e  of  parent isotope, % MeV; decay yield l L i t e r a t u r e  


f iss ion,  $ I I 


w 

II 	
1.97; 1 

1.95; 5

1.78;1 

1.74; 1 

( conditional 


spectrum) 



1hr 

3.9-lo1' 
10 h r  2.8 2 

6.4 7 

2.1 10l1 

1.2 4.7 

1 day 	 2 2 

6 7a 0 5  

3-10 2.9-109 
10 days 2.4 2.4 

4.75 4.75 

6.8.107 6.7-lo8 
30 days 2*5 2.6 

2.95 4.95 

2.80106 2.80107 
100 days 2.5 2.5 

4.6 4.6 

6.6-105 6.6.106 


I 

TABLE 3. RESULTS FOR CALCULATION O F  AVERAGED OUT CROSS SECTIONS.  
.

,I
1 day I 100 hr 1 240 hr I 1000 hr 

7.4-1011 2.3-1012 2.5 2.6 10l2 2.7*d2
2.75 
2.3 2.2 2.2 2.2 
5.3 5.3 52:; I 52:; 5-5 5-5 

2.9-10l1 

2 

7 


7.75-101O 

2 

6-7 


6.8	-109 

2.4 

4-75 


4-95 I 

6.6.107 


2.5 

4.55 


3.7°1011 4.2-10~~
5.1.1011 

2.1 2.1 2.2 

6.65 6.4 6.2 


1.4 1.9-1011 2.7-1011 

2.1 2.2 2.3

5.8 5-6 5.4 


2.4 4.6 8.9 1010 

2.4 2.5 2-5

4.8 4.8 4.9 


5-95 I 4.95 I 4.9 
2.6*ro8 


2.5 

4.5 


6.60107 1.6-108 6.38 

2-3 2.3 2.3

4 4 4 


6.6010~ 2.7-107 

2.3 2-3 

4.05 4.05 


TABLE 3. (CONTINUED) 


100 days 

2.8010~~ 

1 hr 2.2 


5*5 


0.5 yr 

2.8 2.8010~~ 2.8-10l2 

2.2 

595 5.45 5.45 
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TABLN 3. (CONCLUDED) 


10 h r  

1 day 

10 days 

30 days 

-

100 d:Lys 

5.23 
2.2 
6 .1  

2 . 8 0 1 0 ~ ~  
2.3 
5.3 

1011 

2.5 
4 -9 

3.2.1010 
2.6 
4 -9 

3.4.109 
2.3 
4.2 

1.4-109 
2.3 
4 

5.85 -io8 
2.3 
4.05 

0.5 . Y r  1 Y r  

5.3010 11 5.301011 5.35 
2.2 2.2 2.2 
6.1 6.1 6.1 

2.9 *io11 2 .g -1011 
2.3 2.3 
5.3 5.3 

1011 1.1.1011 1.1.1011 
2.5 2 -5  2.5 
4 -9 4.8 4.8 

3.5 lo1' 3.8 1010 4.2 -1O1O 
2.6 2.5 2.5 
4.8 4.8 4.7 

5.1.109 8.109 1.1.1010 
2.3 2 -3 2.3 
4.2 4.1 4 .1  

2.3-109 3.85*109 
2.3 2.3 
4 4 

9 .7-108 1.6.109 
2.3 2.3 
4.05 4.05 

Remark. The f i rs t  l i n e  gives the number of y-quanta for 1kW i n  1 
sec; the second l i n e  gives the  average energy of  y-quanta i n  M Y;
the t h i r d  l i n e  gives the  averaged out cross sect ion i n  c m 2 * 1 0  28 . 

In  conclusion the author expresses h i s  gra t i tude  t o  N. P. Vergachev f o r  
discussing the results. 
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APPLICATION O F  THE MONTE CARLO METHOD FOR 
COMPUTING NUCLEAR RADIATION SHIELDING 

V. G .  Zolotukhin and S .  M. Yermakov 

Introduction 

Solutions of the k ine t i c  equation which consider the energy re - /l7l
l a t ionship  of cross sections,  the nonisotropic nature of sca t te r ing  processes 
and the f i n i t e  geometry a re  associated with substant ia l  mathematical d i f f i c u l t i e s .  
Therefore i n  many cases the  Monte Carlo method i s  the on ly  means of solving 
the problem. 

A s  we know, the appl icat ion of the Monte Carlo method t o  problems /l72
associated with the penetration of neutrons and y-quanta in to  a substance i s  
possible,  because there  i s  an absence of interact ion between pa r t i c l e s  i n  r e a l  
beams. This feature ,  which makes the f a t e s  of individual pa r t i c l e s  independent, 
makes it possible t o  pred ic t  the  behavior of an aggregate of pa r t i c l e s  by ana
lyzing a su f f i c i en t ly  la rge  number of observed f a t e s  ( "his tor ies  "). 

Substant ia l  d i f f i c u l t i e s  are frequently encountered i n  t h i s  d i r ec t  approach 
t o  the solut ion of problems by the  Monte Carlo method. These d i f f i c u l t i e s ,  
f i r s t  of  a l l ,  a re  associated with the determination of small probab i l i t i e s .  
When the unknown probabi l i ty  p is. determined by the Monte Carlo method u t i -

Ml i z i n g  the r a t i o s  = - ( M  i s  the number o f  rea l iza t ions  i n  which the eventN 

of i n t e re s t  t o  us has taken place; N i s  the t o t a l  number o f  r ea l i za t ions ) ,  
the  dispersion-of t h i s  evaluation i s  equal t o  N

P 
(1-p),  while the r e l a t ive  

e r ro r  f o r  determining p i s  equal t o  

from which it follows t h a t  f o r  small p robabi l i t i es  p we must have a ra ther  
la rge  number of rea l iza t ions  N t o  achieve the  desired accuracy. 

In  problems associated with the transmission of rad ia t ion  through matter, 
the low value of probabi l i ty  p may be due t o  the absorption of pa r t i c l e s ,  leak
age from the  medium, energy l o s s  due t o  moderation, e t c .  However, i n  cases 
where the probabi l i ty  p of  i n t e r e s t  t o  us i s  not s m a l l  the  appl icat ion of the  
method i s  always accompanied by a more or l e s s  cumbersome procedure. This 
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basic  disadvantage of the  method i s  associated with i t s  slow convergence, which 

according t o  expression (1)i s  of the  order of N - l i 2 .  This slow convergence i s  
due t o  the  probabi l i ty  nature of the method and does not depend on the special  
features associated with the  problem. 

It i s  known t h a t  the  Neumann series for the  solut ion of the  k ine t i c  equa
t i o n  reduces the radiat ion t ransport  problem t o  the  computation of multiple in
tegra ls ,  whereas the  Monte Carlo method i t se l f ,  i n  essence, consis ts  of com
puting the  terms of the  Neumann series, which are multiple in tegra ls .  In  some 
works of Soviet mathematicians it has been proposed t o  u t i l i z e  the sequence of 
nonrandom points for computing multiple i n t eg ra l s  (refs. 1 -3 ) .  Under de f in i t e  
conditions, when the  functions under the in t eg ra l  s ign are regular,  t h i s  pro
vides a higher order of  convergence. A t  the  same t i m e  the  u t i l i z a t i o n  of non
random points means t h a t  we r e j e c t  the probabi l i t i es  scheme associated with the 
Monte Carlo method. This makes it impossible t o  make a p rac t i ca l  evaluation of 
the  accuracy associated with the  results. 

On the other hand, p rac t i ca l  methods have been developed for decreasing 
the  sampling dispersion, while re ta ining the normal order of convergence. The 
present a r t i c l e  i s  a short  survey of the  basic  approaches f o r  increasing the 
s t a t i s t i c a l  effect iveness  of the  Monte Carlo method i n  problems of radiat ion 
t ransport .  The most important of these have been t r i e d  out on a large number 
of spec i f ic  problems. 

P rac t i ca l  Methods f o r  Decreasing the Sampling Dispersion 

If we are in te res ted  i n  some functional of the  k ine t i c  equation solution, 
the methods described below usual ly  provide an accuracy which i s  sa t i s fac tory  

for  p rac t i ca l  purposes when the  number of h i s t o r i e s  i s  103-104 . 
The Method of Arbitrary Probabilities. '  I n  the phase space T we in t ro 

duce the  coordinate r of the  sca t te r ing  point, the d i rec t ion  n and energy E 
of the pa r t i c l e  after sca t te r ing .  The point (r ,  a, E )  of space T w i l l  be des
ignated by x. We a lso  introduce the  t r ans i en t  probabi l i ty  K ( X I  - x) dx, t h a t  
the  pa r t i c l e  which has l e f t  x '  undergoes i t s  next s ca t t e r ing  a t  the  element dx 
near x. In  other words, K ( r ' ,  n', E'+r, 0, E)  d r  d l l  dE i s  the probabi l i ty  
t h a t  the p a r t i c l e  leaving point r '  i n  d i rec t ion  Q '  with energy E' experiences 
i t s  next sca t te r ing  i n  the  volume element d r  near r a t  which t i m e  it changes 
i t s  d i rec t ion  and energy i n  the in t e rva l s  dn and dE near R and E, 
respectively.  The following in t eg ra l  equation i s  va l id  f o r  the  d i f f e r e n t i a l

/173 
sca t te r ing  density Jr  (x)dx,2 which represents the average number of pa r t i c l e s  

l 1 n  the  American l i terature it i s  known as the  method of ana ly t ica l  averaging 
(ref. 4) .  

2The density of sca t te r ing  i s  associated with the d i f f e r e n t i a l  f l ux  nv = @ 

00
(r, n, E) by the  re la t ionship  (1,( r ,Q,E)  =; \ [+(r-sQ,Q,q f-Q(r-sQ,pJ)] e - r ( r ~ r - s Q - O  ds, where 

I 
T (r, r '  E)  i s  the opt ica l  sca t te r ing  between the  points  r and r '  . 



sca t te red  per unit  t i m e  i n  a volume element d r  and which f l y  t o  the cone CiSl near 
!J with an energy i n  the  in t e rva l  dE near E 

5 K (x' 3x) [ lp  ( c ' )  : Q (k')]dx' =II,(x),. 
T 

where Q ( X I )  character izes  the  d i s t r ibu t ion  of sources. The solut ion of equation 
(2)  i s  given by the  Neumann  series 

m I
I 

11 '~  (x) = 5 K (x' - :. x) Q (x') dx'. I 
1 J 

L e t  us consider t he  determination of some functional I = ( 6 ,  c p )  = $(x)
T 

X cp(x) d x  by the  Monte Carlo method. Ut i l iz ing  expressions ( 3 )  we f ind  

where 

r i =  \ .. \ dxo dx, . . . tc c, clsQ (x,) K (x,  -> Xi) x 
'I' 'I' 

x K  (x, -;.\'..I . . . IZ (.q - ;+ s)I[' (x). 

W e  s h a l l  c a l l  the Monte Car lo  method conventional i f  we use the t rue  t ran
s i e n t  probabi l i ty  K (x' + x) of  the Markov chain of successive pa r t i c l e  sca t te r ing  
f o r  the rea l iza t ion  of p a r t i c l e  "his tory."  The corresponding process f o r  the  random 
movement of a pa r t i c l e  i n  space T begins with the  point x

0' 
which has a d i s t r i 

bution Q (x,) (it i s  assumed t h a t  [ Q(x,) dxo = 1). Next we e s t ab l i sh  successively 
T 

the  sca t te r ing  points  x x > . . .>xn, . . In  connection with t h i s  it i s  estab
0' 1 

l i shed  each t i m e  whether the  p a r t i c l e  has disappeared due t o  absorption o r  leakage 
or whether the  p a r t i c l e  undergoes a subsequent sca t te r ing .  The probabi l i ty  t h a t  
t he  pa r t i c l e  which has l e f t  the  point x has disappeared i s  equal t o  g(x) = 1 

-	 K(x + x r ) d x ' ,  while the  sca t t e r ing  probabi l i ty  i s  -1-g(x). Sooner o r  l a t e r  
T 

t h i s  process i s  disrupted and ends with pa r t i c l e  destruct ion.  
A 

W e  obtain a s t a t i s t i c a l  evaluation T of the  functional I, i f  we remember 
t h a t  



where M i s  the symbol f o r  the  mathematical expectation; xl, x , . . - ? x /174
2 t 

are the  selected values of the  sca t te r ing  point;  1 i s  t h e i r  t o t a l  quantity ( i n  
this case the  e x i t  point  f o r  t he  source p a r t i c l e  i s  assumed t o  be the zero scat
t e r ing  poin t ) .  To prove expression ( 5 )  we note t h a t  the  following outcomes for 
the  r ea l i za t ion  of "h is tor ies  are possible;  

SD, SSD, SSSD, ..., 

where, for example, SSD s ign i f i e s  a double sca t te r ing  and a subsequent destruction 
of the pa r t i c l e .  The probabi l i ty  density of chains SSS -...SD i s  equal t o  Q (x )

0
iK (xo -, xl) ... K ( x  -.) x ) g ( x  ), so t h a t  

i-1 i i 
I 

Noting t h a t  g (x )  = 1 - K ( x  X I ) dx', w e  f ind 
T 


I 

( 7 )  

It i s  easy t o  show t h a t  when w e  l i m i t  cp ( x )  the l a s t  i n t eg ra l  i n  expression
(7) disappears when n .-) a. 

A 

It fo l lows  from t h i s  t h a t  the  evaluation I of the functional I = (9, 9) may
be obtained as the  ar i thmetical  mean of the results obtained by individual tests 

tp i s  the t o t a l  number of sca t te r ings  i n  the  p-th tes t ;  x(') i s  the  point of the 
j - t h  sca t te r ing  i n  the  p-th tes t .  j 



I n  the same manner we can determine the  dispers ion D f  of the f .  W e  leave 
out the  calculat ion s teps  and present the f i n a l  r e s u l t  

where (r* (x) i s  the solu-t;ion of the conjugate equation 

\ I(p (x') +?I)* (x')] I\' (x --'.x ' )  dx' ;=I)* ( x )  

with source cp (x) .  

It should be pointed out t h a t  i f  the funct ional  I i s  s m a l l  t h i s  Monte Carlo 
procedure w i l l  lead t o  la rge  r e l a t i v e  e r ro r s  i n  the determination of t h i s  func
t iona l .  Let us assume, f o r  example, t h a t  it i s  necessary t o  determine the ra
d ia t ion  spectrum passing through a t h i n  layer  of moderator with high absorption. 
Since a subs tan t ia l  p a r t  of the "h is tor ies"  w i l l  end with the destruct ion of 
pa r t i c l e s  due to  absorption, and since most of the p a r t i c l e s  which have passed 
through the l aye r  w i l l  have an energy close t o  the source energy, we can con
clude t h a t  the information on the s o f t  p a r t  of the transmitted rad ia t ion  spectrum 
w i l l  be e n t i r e l y  inadequate. 

A s  we s h a l l  show below, the appl icat ion of the following modification t o  
the Monte Carlo method always decreases the  dispers ion of estimation f ( r e f .  6) .  

We introduce the d i s t r ibu t ion  function K ( x f  + x )  f o r  point  x 1175
S 

where a f i c t i t i o u s  p a r t i c l e  which has l e f t  x f  i s  scat tered,  

and organize the random motion of the p a r t i c l e  s t a r t i n g  a t  point  x
0 

with d i s 

t r i bu t ion  Q (xo). Since Ks (x + X I )  dxf = 1, the random motion of t h i s  par-
T 

t i c l e  las ts  f o r  an i n f i n i t e  period of t i m e .  We introduce the random quant i ty
5 associated with the random motion xo x1 + x + ... + xn + ..., 

where 

The average value of t h i s  quant i ty  i s  equal t o  

I. 



from which we obtain the s t a t i s t i c a l  evaluation of the funct ional  I 

h' n 

when n i s  a predetermined number of f i c t i t i o u s  p a r t i c l e  sca t te r ings  such t h a t  
we can neglect the e f f e c t  of a l l  subsequent sca t te r ings  compared with the s t a 
t i s t i c a l  e r r o r  associated with the determination of I. This "threshold f o r  
cut t ing off"  the h i s to ry  must be determined on the bas i s  of physical  consid- . 
era t ions .  

P- 1 
The quant i ty  W,= 2 [ I  -g(xj)l  i s  frequent ly  cal led the  "weight" o f  the  

3.. :1 

p-th sca t te r ing .  It represents an a r b i t r a r y  probabi l i ty  for  the "survival" of 
p a r t i c l e s  which have undergone sca t te r ing  a t  points  xo, xl, x2, ..., xp-1' This 
i s  responsible f o r  the name given t o  the method. 

The dispersion of evaluation ?*may be obtained by simple s teps  

where 0 (x) i s  the solut ion of the in t eg ra l  equation 

s [ Q ( x ' ) + O ( x r ) ] [ l- , e ( x ' ) ] K ( x ' 4 ~ ) d x ' = O ( x ) .  
T 

A comparison of expressions (12) and ( 9 )  shows t h a t  Df* < D I .  

Various modifications of t h i s  method are possible.-They are  a l l  1176 
based on the introduction of the t r ans i en t  probabi l i ty  K (x + XI), associated 
with K (x + X I )  by expression 



where (D) i s .the region of space T i n  which the function cp (x) assumes the maxi
mum values. A t r ans i t i on  of t h i s  type must of course be accompanied by the in
troduction of corresponding weights. 

The Semianalytical Monte Carlo Method. This method combines an extremely 
wide group of approaches, so t h a t  a t  t h i s  time we can describe it only i n  a 
very general  way. The method i s  based on the u t i l i z a t i o n  of ana ly t i ca l  solu
t ions  ( if  such are  feas ib le )  t o  create  cer ta in  branching i n  the basic  random 
motion process. If, f o r  example, the main role i n  Neumann s e r i e s  ( r e f .  3)  i s  
played by the f irst  sca t te r ing ,  while the contribution made by the second, t h i rd ,  
e t c . ,  represents a correction, it i s  expedient t o  f ind  t h i s  correct ion by the 
Monte Carlo method, and t o  e s t ab l i sh  the contribution made by the f i r s t  sca t 
t e r ing  ana ly t ica l ly .  I n  t h i s  case even r e l a t i v e l y  la rge  e r r o r s  i n  the deter
mination of multiple sca t te r ing  e f f e c t s  does not lead t o  large e r r o r s  i n  the 
quant i ty  of i n t e r e s t  t o  us .  This method of i so l a t ing  the pr inc ipa l  p a r t  of the 
solut ion serves as an extremely e f f ec t ive  means f o r  solving many problems. 

I n  general, i f  it i s  posslble t o  in tegra te  the Neumann s e r i e s  over several  
variables,  t h i s  always leads t o  a decrease i n  dispersion ( r e f .  7).  Thus, i n  
a case of a homogenous semi- inf ini te  l aye r  of f i n i t e  thickness, the Neumann 
s e r i e s  may be integrated over the  var iables  zl, z2, ..., z 

n' 
..., where z 

i 
is 

the  coordinate of the  i - t h  dispersion ( r e f .  8) .  In tegra t ion  over t h e  energy
variables  and the  var iable  angles i s  ca r r i ed  out by the  Monte Carlo method. 

The Method of Control Variables ( r e f .  5 ) .  The basic idea behind the 
method of control  var iables  consis ts  of the following. Let us assume t h a t  
5 ,  i s  some random quantity,  which i s  formed i n  a random experiment (1. The 
mathematical expectation 50 i s  obtained by the Monte Carlo method. Let us 

assume t h a t  51, 52,  ..., En i s  a s e r i e s  of other  random quan t i t i e s  corre

sponding t o  experiment 0,  the mathematical expectation Gi, (i = 1, 2, ..., n) ,  

however, i s  known exactly.  We form the following random quant i ty  

where a
j 

f o r  a while, remain as  indeterminant constants.  From expression (13) 

we have ME = MS,; consequently, the sampled values of 5 may be used t o  evaluate 

MZ0 f o r  any se lec t ion  of weights a 
j* The l a t t e r  should na tura l ly  be selected 

i n  such a way t h a t  the  dispers ion i s  a minimum. This gives us 
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from which we obtain 
n 

Noting t h a t  pi k = 
M [ @ , i Z ! ; : i )  (:I;-WI~)J i s  the cor re la t ion  coef f ic ien t  between 

'1 '. I1i off' 

'i and 5, (Di i s  the dispersion of t . ) ,  we obtain1 


or ,  i n  matrix form x = (xi, x2, ..., xn), 

where R i s  the  symmetric matrix 

el. t e l .  . . . 
" \

~
e2,I c'.. . . . e;, ,L 

a . . . . . . . . . . . . . .  

Q , ~ ,I e,l.2 . . . e,L,,, I' 
After subs t i tu t ion  i n  DE the solut ion x = R - l  /G2gives us 

from which we conclude t h a t  the dispersion 5 decreases compared with the  d i s 
persion So according t o  the expression 

I n  the pa r t i cu la r  case of a s ingle  control variable n = 1we have 

If = 0, dispers ion So cannot be decreased. If eo,l = 1, there i s  a l i n e a r  

re la t ionship  between 5 ,  and 5 ,  
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I n  the case of two control  variables n = 2 

-k ~ ~ ~ ~ 2 ~ ~ n , , @ , , . ~ @ , . ~ . ' , , ' ~ ~ ~The quant i ty  e = (@L-1.2 1 
is the  cor re la t ion  relat ionship between 

1 - - Q 2  

5 ,  and 51' 52, 
which i s  wel l  known i n  mathematical s t a t i s t i c s .  If p = 1, the 

following l i n e a r  re la t ionship  e x i s t s  between 5 0' 51, 52 

The equations which have been obtained are  of a theore t ica l  nature and 
the weights a j  are  not  known t o  us exactly.  However, they can be computed 

approximately by making use of r e s u l t s  obtained from the simultaneous obser
vation of values so, %, ..., 5, used t o  evaluate those quant i t ies  which de

termine a
j' 


The basic d i f f i c u l t y  associated with the appl icat ion of the method of 
control  variables,  or as  it i s  frequent ly  cal led,  the method of cor re la t ion  
sampling, involves the establishment of random quant i t ies  c,, ..., Sn, which 

a re  s t rongly correlated with 5 
0 

and whose mathematical expectation must be 

known. Sometimes the problem can be solved by some numerical method with 
cer ta in  simplifying assumptions. This so lu t ion  can be used as the mathemat
i c a l  expectation of the corresponding control  variable.  This approach t o  the 
solut ion of problems of the theory of rad ia t ion  t ranspor t  i s  important, be
cause it associates  the method of s t a t i s t i c a l  tests with achievements i n  the 
development of conventional numerical methods. 

Berger and Doggett ( r e f .  8) used t h i s  method successfully t o  determine 
the dose B (t, t)  produced by rad ia t ion  passing through a layer  of f i n i t e  
thickness t. The control  var iable  w a s  taken as the dose B (t, m )  a t  the 
depth t i n  a semiinf ini te  medium, which can be establ ished with suf- 1178 
f i c i e n t  accuracy by the method of moments. 

Correlation se lec t ion  i s  usefu l  when it i s  necessary t o  determine the 
difference of two close quant i t ies .  Posi t ive cor re la t ion  between these may 
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make i t - p o s s i b l e  t o  u t i l i z e  the same col lec t ion  of random quant i t ies  o r  h i s t o r i e s  
( re f .  11). Final ly ,  the appl icat ion of cor re la t ion  sampling gives a smoother 
var ia t ion  i n  the values of the multiple i n t e g r a l  a s  a function of the  parameter 
than i t s  independent computation f o r  the co l lec t ion  of parameter values (ref. 11). 

Substant ia l  sampling. The multiple i n t e g r a l  

I = J f (x) ax 

may be computed by the Monte Carlo method u t i l i z i n g  the sampled values x
1’ 

x2 ...,% of the random quant i ty  5 ,  which has a c e r t a i n  a r b i t r a r y  probabi l i ty  

densi ty  g (x) . Indeed, the mathematical expectation of the random quant i ty  

. g%I M %= 
f (x) dx = I does not depend on g(x) and i s  equal t o  I. How

f ( 5  1 f (4ever, the dispersion D -= -dx-I2 depends on the se lec t ion  of g(x).  
g(x) 

If g(x)  = Ifol!- D = 0.I I f(x) I d x  
theng(%# 

Since the  i n t e g r a l  l f (x)  1 dx i s  unknown, it i s  not possible  t o  reduce %he 
dispersion t o  zero, but it i s  possible t o  reduce it subs t an t i a l ly  i f  we se l ec t  

go var ies  l i t t l e  i n  t h e  region of i n t e g(x)  i n  such a way t h a t  t h e  r a t i o  I f ( x ) l  
g r a t  ion. 

Local Computation of the Flux 

It i s  obvious t h a t  the methods described above are  not sui table  f o r  the 

case cp (x) = 6 (x-x*), i . e . ,  when it i s  necessary t o  determine the phase density 
$ (x*) of sca t te r ing  a t  one f ixed point x*. Indeed, since the phase volume i s  
equal t o  zero, none of the selected t r a j e c t o r i e s  will pass through point x*. 
This case w i l l  appear a s  the l imi t ing  case when rad ia t ion  i s  recorded with a 
detector  having a r a the r  low effect iveness  f o r  counting individual p a r t i c l e s  
emitted by the source. Such a detector  produces p r a c t i c a l l y  no per turbat ion 
of the rad ia t ion  f i e l d ,  and it may be assumed with good approximation t h a t  the 
number of detector  counts i s  d i r e c t l y  proportional t o  the phase densi ty  $ (x*). 

The following method makes it possible t o  avoid t h i s  d i f f i cu l ty .  Let us 
re turn  t o  the conventional Monte Carlo method, i .e.,  l e t  us consider the random 
motion of a p a r t i c l e  with a t r ans i en t  probabi l i ty  K (x x)). We introduce the 
random quant i ty  

where x3’ as before, a r e  points  of scat ter ing;  1 is  t h e i r  t o t a l  number. According 



t o  re la t ionship  ( 5 )  the  mathematical expectation 5 2 i s  equal t o  (we should s e t  

cp (4 = K (x fi)) 

From the basic equation (2) it follows t h a t  

i . e . ,  E2i s  the contribution of the scat tered rad ia t ion  t o  the phase density.  

$ (x*). The contribution of the unscattered radiat ion i s  not d i f f i c u l t  t o  
compute. 

This method can be e a s i l y  combined with the method of conditional proba
b i l i t i es .  A s  an example l e t  us consider the problem of finding the angular 
and energy d i s t r ibu t ion  of y-quanta f lux  ( r e f .  9 )  a t  point I+ of space i n  the 
presence of sources Q (x,). Let r be the radius vector of the j - t h  1179 

j 
sca t te r ing  point; Rj ,  E3 the d i rec t ion  and energy of y-quanta a f t e r  the j - t h  

sca t te r ing  where the random motion i s  organized with a t rans ien t  probabi l i ty
Ks (x + X I ) .  Then the appl icat ion of the method of conditional probabi l i t i es  

and of re lat ionship (16) gives us the following expression f o r  the scat tered 
p a r t  of the f lux 9, (r*, 0, E) 

where W3 i s  the "weight" of the j - t h  scat ter ing;  Ct (r, E )  i s  the t o t a l  mac

roscopic cross section; (E, n, R ? )  dnl i s  the probabi l i ty  t h a t  the y-quantum 
with energy E w i l l  change i t s  d i r ec t ion  h2*i n  the in t e rva l  dRf near Q t  due t o  

rj-r
sca t te r ing  by a f r e e  electron; W 

j 
= 1 rj-r*l 

; 

A (a, Rg) = 	 1, i f  Rr belongs t o  the in t e rva l  A!Ll near R; 
0, i n  the  opposite case; 

A (E, E') = ( 1, if  E' belongs t o  the in t e rva l  AE near E; 
0, i n  the opposite case; 
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N

E = E [Ejml, (wjf l j - l ) ]  is  the energy a f t e r  s ca t t e r ing  by an angle 9 = arccos 
j 

(Clj-lWj) of the y-quantum which had an energy E
j-1 

before sca t te r ing .  

The presence of the  term Ir.-fll2 i n  the denominator leads t o  the diver-
J 

gence of dispersion of the random quant i ty  5 2’ However, t h i s  does not present 

an obstacle f o r  the u t i l i z a t i o n  of the Monte Carlo method. Indeed, the ex i s t 
ence of the mathematical expectation MX2 es tab l i shes  the v a l i d i t y  of the law 

of large numbers, i . e . ,  the  probabi l i ty  convergence of the  mean ar i thmetical  

value of r e s u l t s  from N experiments t o  the  value of the f lux  Zs (r*, E, 0) 

( r e f .  10). It is ,  of course, obvious t h a t  the absence of dispersion of eval
uation, based on re la t ionship  (17) leads t o  the f a c t  t h a t  the d i s t r ibu t ion  of 
the mean ar i thmetical  value of N t e s t s  i s  not asymptotically normal. A s  a re
s u l t  we cannot evaluate the e r ro r s  by computing a sampled dispersion, and we 
must use other methods t o  evaluate the e r ro r s .  

This shortcoming of the method f o r  the l o c a l  computation of the f lux  in
volving the absence of dispersion may be removed i f  we compute the Fourier 
coef f ic ien ts  of the flux i n  terms of three-dimensional var iables .  I n  t h i s  case 
the concepts presented i n  reference 11 are val id ,  and the r e s u l t s  of work pre
sented i n  references 12  and 13 may be used t o  decrease the dispers ion of the 
Fourier coef f ic ien ts .  I n  these references in te rpola t ion  quadratic equations 
and in te rpola t ion  equations with random nodes were constructed. I n  computing 
the Fourier-Legendre coef f ic ien ts  it i s  convenient t o  construct the i n t e r 
polation polynomials of l o w  order by breaking down the in tegra t ion  region i n t o  
smaller pa r t s .  From the difference of the values f o r  the in te rpola t ion  poly
nomials a t  the boundary of the regions it i s  easy t o  obtain an idea of the 
accuracy associated with the approximation of the unknown function by the i n t e r 
polat ion polynomial. 

Application of Quadrature Equations with Random Nodes 

A fu r the r  development of t he  general  methods of decreasing a dispersion, 
based on the construction of in te rpola t ion  quadrature equations ( r e f .  12) makes 
it possible t o  construct quadrature equations with random nodes of increased 
accuracy, which are  extremely usefu l  f o r  p r a c t i c a l  appl icat ions.  

Ll 
Let us consider the quadrature sum C Aif  (Qi) f o r  the approximate comi = O  

putation of the in t eg ra l  f ( Q )  dQ. Let us  assume t h a t  f ( Q )  has been determined 
D 

and t h a t  i t s  squares have been added i n  the region D of Euclid space k /180
of measurements Q

i 
E D. If we require t h a t  the quadrature equation 

1\ j’ (Q)dQ .& 2 A;j (0,) 
11 i I) 



be exact f o r  assigned l i n e a r l y  independent functions yo, cp,-, ..., 'pn, then if Qi 

i s  f ixed  t h e  coef f ic ien ts  A. may be determined uniquely from t h e  conditions 
1 


I n  t h i s  case it i s  necessary t o  assume t h a t  the determinant of the system of 
l i n e a r  algebraic equations (18) i s  d i f f e ren t  from zero. 

Such quadrature equations were considered i n  reference 12, proceeding from 
the proposit ion t h a t  the nodes Qi are  selected a t  random. A function f o r  the 

probabi l i ty  densi ty  of nodes Qi was constructed and f o r  t h i s  function the fo l 
lowing equal i ty  was val id  

The u t i l i zax ion  of quadrature sums with random nodes may lead t o  a subs tan t ia l  
gain i n  the computational work when the function vi ( Q )  i s  successfully selected.  

We may require t h a t  the quadrature equation (18) be exact f o r  a large number 
of l i n e a r l y  independent functions cpo, cp

1
, ..., 'p

n+r 
(r < n) .  I n  t h i s  case i n  

addition t o  equal i ty  (18) the following equa l i t i e s  must a l so  be sa t i s f i ed  

These equa l i t i e s  obviously place addi t ional  l imi ta t ions  on -the d i s t r ibu t ion  of 
nodes Qi i n  the region D. The quadrature equation with n+l  random nodes, which 

a re  exact for  more than (n+l)- th  l i n e a r l y  independent function, w i l l  be called 
t h e  cor re la t ion  quadrature equations. The simplest cor re la t ion  quadrature
equations were constructed on t h e  basis  of other  considerations i n  references 
14 and 15. 

In  the present work, as an example, w e  present a s u f f i c i e n t l y  simple corre
l a t i o n  quadrature equation which i s  successfully used i n  solving a s e r i e s  of 
problems associated with the transmission of rad ia t ion  through a substance. 

Let  D be a u n i t  hypercube. The quadrature equation 
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I I 

+ f (x"',x'2' ...,x'") 4-f (1 .- x;,'), . .., 1 -x p )  4-f (1 -P, . ..', 1-X(1'0) f 

, +f ( 1  -1- x y ,  . .., 1-xf))] 

2
i s  exact for unity,  k(m' and ( ~ ( ~ 1 )(m = 1, 2, ..., k)  and the corresponding 
quadratic sum i s  the undisplaced evaluation of the in tegra l ,  i f  the coordinates 
of the nbdes a re  equally d is t r ibu ted  on the surface,  

I n  computing the  transmission of rad ia t ion  through an i n f i n i t e  p l a t e  the 
number of computational works decreases, when quadrature equation (19)i s  used, 
by a fac tor  of 1 0  i f  the p l a t e  thickness i s  equal t o  1-3 mean f r e e  paths, and 
by a fac tor  of 15 i f  the thickness i s  7-10 mean f r e e  paths computed from /181 
the i n i t i a l  p a r t i c l e  energy. 

I n  the present work we s h a l l  not present cor re la t ion  quadrature equations 
of more complex form, because at t h e  present time they have been t r i e d  i n  a 
very s m a l l  number of  examples. However, we should note t h a t  t h e i r  appl icat ion 
t o  increase the  effectiveness of t h e  Monte Carlo method i s  apparently qui te  
promising. 

Solving Problems by Means of High-speed Computers 

The qua l i t a t ive  aspects of programming are of g rea t  s ignif icance when the 
Monte Carlo method computations are  carried out by means of high-speed computers. 
This problem should be given spec ia l  consideration. It i s  c lear  t h a t  the re la 
t i v e l y  small reduction i n  the number of operating s teps  f o r  the computer, when 
a s ingle  p a r t i c l e  h i s to ry  i s  computed, leads t o  a subs tan t ia l  saving of time 
necessary t o  solve the problem as  a whole. This places very st iff  requirements 
on the programming of problem solution, analogous t o  those requirements levied 
on standard subprograms. The individual u n i t s  of the program f o r  solving prob
lems associated with the transmission of rad ia t ion  through a substance by the 
Monte Carlo method are  common f o r  various problems. 

If we have a la rge  l i b r a r y  of such uni t s ,  it i s  possible t o  provide f o r  
rapid and high-quality composition of programs and the wide appl icat ion of 
methods f o r  increasing the effect iveness  of the Monte Carlo method. It i s  a l so  
necessary t o  have a spec ia l  compiling system which takes i n t o  account the special  
fea tures  associated with problems of t h i s  type and provides f o r  a convenient as
signment of information for compilation. 

Work on the construction of such a system has been carr ied out by S. M. 
Yermakov, I. Ye. Bocharova, B. A. Yefiemenko and others .  The a v a i l a b i l i t y  of 
such a system makes it possible t o  carry out the exchange of programming un i t s  
between in te res ted  pa r t i e s ,  which i s  of grea t  significance f o r  the appl icat ion 
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of effective computation methods. We note that the adoption of automatic pro
graming language in practice does not in any way decrease the significance of 
unit programming in this case. 
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PART 11. THE EXPER=& INVESTIGATIONS OF SHIELDING 


THR.F,E-DIMENSIONALENERGY DISTRIBUTION OF 
NEUTRONS I N  TRICK IRON LAYERS 

V. P. Mashkovich, V. K. Sakharov and S. G. Tsy-pin 

I ron  i s  a shielding material which i s  widely used i n  prac t ice .  1182 
It i s  used as a convenient s t r u c t u r a l  mater ia l  for reac tor  vessels ,  i n  i r o n  and 
hydrogen-containing mixtures, i n  thermal and b io logica l  shieldings,  e t c .  

I n  s p i t e  of the  wide appl ica t ion  of i ron,  information published t o  date  on 
the  three-dimensional d i s t r i b u t i o n  of neutrons i n  i ron  ( r e f s .  1-4) i s  s t i l l  ra th
e r  l imited.  Table 1 shows a summary of the basic experimental da ta  on the  pene
t r a t i o n  of neutrons through i ron,  published i n  the  l i t e r a t u r e .  

The present work i s  concerned with the  inves t iga t ion  of the  three-dimen
s iona l  d i s t r i b u t i o n  of fas t  and intermediate neutrons i n  i r o n  (ref. 5 ) .  

A descr ip t ion  of the B-2 experimental setup i s  presented i n  reference 5 
(see a l so  the a r t i c l e  o n p .  357of t h i s  volume). The BR-5 reac tor  ( re fs .  6, 7 
and 8) serves a s  the neutron source. The spectrum of neutrons incident  on the  
i ron  prism i s  presented i n  f igure  1 ( re f s .  5 and 9 ) .  For neutron energy g rea t e r  
than 1MeV the spectrum i s  determined by means of a photographic p l a t e  /I83
with a K-type emulsion having a thickness of 200 p and manufactured by the  en
gineering photographic p l a t e  p lan t .  

The photographic p l a t e s  a re  in s t a l l ed  i n  the neutron beam as  it leaves 
the  channel of the b io logica l  shielding.  The spectrum was constructed ac
cording t o  r e s u l t s  obtained from more than 2500 r e c o i l  proton t rack  measure

ments with protons escaping forward a t  an angle of * 15'. The spectrum which 
has been obtained takes i n t o  account the  var ia t ion  i n  the cross  sec t ion  of 
neutron sca t t e r ing  by hydrogen, the background r ad ia t ion  and the  f i n i t e  thick
ness of the emulsion l aye r .  A comparison of the obtained spectrum with the 
f i s s i o n  spectrum shows t h a t  when the energy i s  less than 3 MeV there  i s  a s l i g h t  
softening of the obtained spectrum ( r e f .  5 ) .  

The neutrons passed through a channel with a diameter of approximated 250 mm 
i n  the  shielding and entered a tank which contained a s t e e l  prism with dimensions 
of 1320 X 1360 X 1880 mm ( f i g .  2a) .  The neutron beam entered the  tank-through 
the middle of the w a l l  whose dimensions ar: 1320 X 1360 mm. The t o t a l  angular 
divergence of t h e  beam was approximately 5 . 



TPBLE 1. DATA ON THE PENETRATION OF NEUTRONS TRROUGH IRON. 


Neutron energy 

4 M e V  

14.9 Mev 

Spectrum of 
reactor 
neutrons 

the same 

Fast neutrons 

Intermediate 
neutrons 

3ource charac te r i s t ics  Measured thicknes s 
Detectorof iron, cm 

Point i so t ropic  50 

the  same 50 

VVR reactor  45 

Th232 (n, f )  

p3' (n, p )  si31 
32 

s (n, P> P32 

Th232 (n, f )  

s3* (n, p )  ~3~ 

Th232 (n, f )  

u~~~ (n, f) 

NP237 (n, f> 

u238 (n, f) 

"All-wave " Cd 
counter 

I n  Cd 
Thermal neutron 

detector 

R elaxation 

length, em Literature  


7.5 
-

-

8.3 

-
7.6 

36 

9.9 

5.55 

20 

4.26 

1.51 

6.0 (3) 

30 (3> 



Thus a unid i rec t iona l  d i s k  source with angular divergence spec i f ied  above 
w a s  used i n  the  experiment. The prism w a s  assembled from nine  packs with dimen
sions of 1320 X 1360 X 117 mm, followed by seven packs with dimensions of 130 
X 1360 X 117 mm. The i ron  packs d i f f e red  i n  thickness by not more than 1per
cent.  Each i ron  pack consisted of s i x  sheets  with dimensions1 of 1320 X 1360 
X 19.5 mm and had a v e r t i c a l  hole f o r  an i r o n  plug with a diameter of 90 mm and 
a depth of 830 mm. 

The plug which was used t o  take the  measurements contained a groove fo r  the 
de tec tor  holder, which consisted of a n  i ron  s t r i p  with a device fo r  i n s t a l l i n g  
the  de tec tors .  The shape of the de tec tor  holder corresponded t o  t h a t  of the 

groove. The i ron  dens i ty  w a s  7.86 g/cm3; the  brand of i ron w a s  CT-0 (with ad

d i t i ons  of C, Mn, S and P cons t i t u t ing  a t o t a l  of up t o  0.6 percent ) .  

During the  measurements t h e  i ron  prism w a s  introduced i n t o  t h e  b io logica l  
shielding t o  a depth of 1400 mm. Fast  neutron de tec tors  consisted of threshold 

ind ica tors  operating according t o  the  react ions S32 (n, ~ ) ' 3 ~ ,Mg24, (n, p )  

Na24, A127 (n ,  C y )  Na24, whose e f f ec t ive  energy thresholds f o r  the incident 
spectrum were equal t o  approximately 3, 5 and 7 MeV, respect ively.  The t r ace r s  
consisted of disks  with a diameter of 35 mm and heights  of 6, 2 and 5 mm, r e 
spect ively.  The sulfur t r a c e r s  were made of chemically pure fused sulfur, the  
magnesium t r a c e r s  were made of chemically pure magnesium, and the  aluminum 
t r a c e r s  were made of chemically pure AV-000 aluminum. 

A "h232 f i s s i o n  chamber with a height of 4 cm and a diameter of 8 mm ( t h e  
e f f ec t ive  threshold f o r  t h e  incident spectrum is  approximately equal t o  2 MeV) 
w a s  used as a de tec tor  of fast neutrons. 

A SNM-32 type proportional counter f i l l e d  with BF3 w a s  used t o  de t ec t  i n 

termediate neutrons together with copper t r a c e r s  with a diameter of  35 mm and a 

thickness of 1.1mm, operating according t o  the  reac t ion  Cu63 (n, y)  C U ~ ~ ,and 

gold t r a c e r s  with a diameter of 6 mm and a thickness of 4 mg/cm2 operating ac

cording t o  the  reac t ion  A d 9 7  (n,  y )  Au1g8. 

The above t r a c e r s  w e r e  placed i n t o  de tec tor  holders of two types. The de
t e c t o r  holder f o r  threshold t r a c e r s  as w e l l  as f o r  t h e  copper and gold t r a c e r s  
( f i g .  2b) had holes  fo r  i n s t a l l i n g  de tec tors  along i t s e n t i r e  length, spaced at 
a dis tance of 50 mm from each o ther .  I n  order t o  f i l l  t he  a i r  holes, i r o n  d isks  
wlth a diameter of 35 mm and a thickness of 1 mm w e r e  i n s t a l l e d  i n t o  the same 
holes  together with t h e  t r a c e r s .  These d isks  were designed i n  such a way as t o  
eliminate t h e  air  gap completely. Small i ron  cyl inders  of corresponding 

'Beginning with the  n in th  pack the  1320 mm dimension w a s  increased t o  190 mm. 
21n the  fu ture  w e  s h a l l  refer t o  it simply as t h e  boron counter. 



Neutron energy, eV 

Figure 1. 	 Spectrum of neutrons incident  on i ron  prism; 
data  presented i n  reference 9; - - - - - data  

presented i n  r e f .  5;  -.-.-. spectrum of f i s s i o n  neutrons. 

dimensions were placed i n t o  holes which were not  occupied by the indicators .  

The detector  holder f o r  the boron counter and f o r  the Th232 f i s s i o n  chamber 
( f i g .  2c) had a hole i n  the lower p a r t  f o r  the  counter o r  f o r  the end chamber 
and grooves f o r  running a cable t o  the de tec tor .  The displacement of the de
t e c t o r  i n  the v e r t i c a l  d i rec t ion  was achieved by l i f t i n g  the  detector  holder 
and f i l l i n g  the r e su l t i ng  a i r  gap with i ron.  

The holes i n  the packs made it possible t o  place detectors  a t  d i f f e ren t  
points  i n  the i ron  prism under the plugs and the detector  holders.  The pos i t ion  
of a sensor w a s  f ixed with an accuracy of a t  l e a s t  1 mm i n  the horizontal  and 
v e r t i c a l  direct ions.  

The detectors  were placed a t  various dis tances  r from the source and a t  a 
d i f f e ren t  height h from the cent ra l  beam i n  a d i r ec t ion  perpendicular t o  the 
neutron beam ( f i g .  3 ) .  

The a c t i v i t y  induced i n  the  copper, gold and su l fu r  t r a c e r s  was determined 
by constructing the  decay curves. Measurements were made using a type B i n s t a l 
l a t i o n  with an end SI-= type counter. The s t a b i l i t y  of counter i n s t a l l a t i o n  
operation was controlled per iodica l ly  by means of a uranium standard, and the 
background rad ia t ion  was a l so  measured per iodical ly .  

The induced a c t i v i t y  of aluminum and magnesium t r ace r s  could not be /185
determined with t h i s  method because of d i f f i c u l t y  of dist inguishing the basic 
a c t i v i t y  from the a c t i v i t y  of the additives.  The a c t i v i t y  of the added copper 
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Figure 2. General view of i ron  prism (a)  of detector  holder 
f o r  copper and gold t r a c e r s  ( b )  and of detector  holder f o r  
boron counter ( e ) .  

becomes pa r t i cu la r ly  pronounced as the distance from the  source increases due 
t o  the large difference i n  the penetrat ion capabi l i ty  of f a s t  and intermediate 
neutron fluxes.  Therefore the a c t i v i t y  of aluminum t r ace r s ,  f o r  example, w a s  
determined from the peak of photoelectrons produced i n  the c rys t a l  by 

Na24 y-rays with energies of 2.76 MeV. Measurements were carr ied out  by means of 
a s c i n t i l l a t i o n  y-spectrometer with a NaJ ( T l )  c rys t a l  having dimensionsof 80 X 
80 mm ( r e f .  IO). 

The aluminum t r a c e r s  w e r e  i n s t a l l e d  i n  a fixed posi t ion close t o  the scin
t i l l a t i n g  c rys ta l .  The energy scale  was controlled according t o  the y-radiation 

of the C o60 isotope. A correct ion was introduced f o r  the a c t i v i t y  of the N a  23 

( 2  f 1)
(ref .  11). 

percent addi t ive by using a neutron flux of intermediate energy 



Figure 3. Schematic of experimental setup: 1, source; 
2, plug; 3, detector  holder; 4, holes f o r  detector ;  5 ,  
cen t r a l  beam; Nos. 1-16, i ron  assemblies. 

Measurements made with magnesium t r a c e r s  and with t h e  thorium chamber were 
corrected for t h e  count due t o  t h e  addi t ion of U235 i n  the  Th232 chamber and 
due t o  t h e  addi t iona l  a c t i v i t y  of impurit ies i n  t h e  meta l l ic  magnesium, u t i l i z 
ing the  method described i n  reference ll. 

Figures 4, 5 and 6 show, respectively,  t h e  a c t i v i t y  of s u l f u r  and aid
num t r ace r s  and t h e  readings of t h e  thorium chamber as a funct ion of height h 
f o r  various distances r from t h e  source. The three-dimensional d i s t r ibu t ions  of 
neutrons measured with t h e  boron counter and with copper and gold t r a c e r s  agreed 
within 10 percent. 

Figure 7 shows these three-dimensional d i s t r ibu t ions  as a f’unction of h f o r  
f ixed values of r. 

The measured d i s t r ibu t ions  shown i n  f igures  4, 5 ,  6 and 7 represent t h e  
three-dimensional d i s t r ibu t ion  of neutrons from the  unid i rec t iona l  d i sk  source 
used i n  t h e  experiment. 

Figures 8, 9 and 10 show t h e  neutron at tenuat ion functions f o r  t h e  i n f i n i t e  
plane unid i rec t iona l  source G, (r), which were determined from measurements 
made with various t r ace r s  according t o  equations i n  references 5 and 12, 

W 

G,, ( r )  C = \ G ( r ,  h)  fi dli, 

D b 
M 

where GD (r, h) a re  the  d i s t r ibu t ions  shown i n  f igures  4, 5, 6 and 7; C i s  a 

constant. 
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Figure 4. Activi ty  of Figure 5. Act ivi ty  of 
su l fu r  threshold t r ace r s  aluminum threshold t r ace r s  
a s  function of height h as function of height h f o r  
for various dis tances  r. various dis tances  r. 

Figures 8 and 9 a l so  show the at tenuat ion curves f o r  neutrons i n  1186 

the d i r ec t ion  of cen t r a l  beam GD (r,O). 

For the case of aluminum t r a c e r s  f igure  9 a l s o  shows the neutron at tenu
a t ion  curve i n  the d i r ec t ion  of  t he  cen t r a l  beam measured by the  end counter, 
i .e . ,  without eliminating the e f f e c t  produced by foreign impurit ies.  These 
measurements were car r ied  out  a f t e r  aging f o r  a period of 15-20 hr ,  so  t h a t  the 

foreign a c t i v i t i e s  which remained were due only t o  C U ~ ~ ,which has a h a l f - l i f e  

close t o  the h a l f - l i f e  of Na24 formed according t o  the reac t ion  Al 27 (n, Q) 

Ne24 and Na24 formed according t o  the reac t ion  Na23 (n, y) Na24. 



I 

The r e s u l t s  of the  measurements car r ied  out with a l l  of the t r ace r s  are  
shown i n  tab le  2. 

Figure 11 shows the  measured cadmium r a t i o s  RCd f o r  copper t racers ,  i. e., 

the  r a t i o s  of readings made with a t r ace r  without a cadmium f i l t e r  t o  the readings 
made by a t r a c e r  with a cadmium f i l t e r  under iden t i ca l  conditions o f  i r rad ia t ion .  

The f i l t e rs  were b u i l t  i n  the  form o f  small cadmium cases with a thickness 
of 0.6 mm. The curves i n  f igure 11 show t h a t  the cadmium r a t i o  i s  equal t o  uni ty  
within the l i m i t s  of a 10 percent e r ro r .  

Analogous r e s u l t s  w e r e  obtained by measurements taken with gold t r ace r s  and 
boron counters. 

I 1 d
I10;- 10 20 30 40 
Height, cm 

Figure 6. Readings o f  

Th232 f i s s ion  chamber as 
function of  height h f o r  
various distances r 
(- - - - data from d i r ec t  
measurements without cor
rect ions f o r  counts due 

t o  U235 addi t ive) .  

I I It l I I I I I 

Figure 7. Measured neutron d is 
t r ibu t ion  f o r  various values of 
distance r. 

270 



1:-

IO0 

LI 
-

j--Li= I . I r j i  1-
0 70 20 30 40 50 E9 73 

r, cm 

Figure 8. Neutron a t 
tenuation function f o r  
i n f i n i t e  plane u n i 
d i rec t iona l  source ( a )  
and at tenuat ion curve 
i n  d i rec t ion  of cent ra l  
beam (b )  measured with 
sulfur t r ace r s .  

I n  t h e  present work measurements 
gold tra6.ex-s. This r a t i o  i s  defined 

~ .... .. . . 

Figure 9 .  Neutron attenu
at ion function f o r  i n f i n i t e  
plane unidirect ional  source 
( a )  and at tenuat ion curves 
i n  d i rec t ion  of cent ra l  beam 
corresponding t o  measurements 
made with gamma spectrometer 
( b )  and with end counter ( e )  
(measurements made with alu
minum t r a c e r s ) .  

were a l so  made of t he  gold r a t i o  for /187 
as t h e  r a t i o  of t r a c e r  readings without a 

gold f i l t e r  t o  t r a c e r  readings with a gold f i l t e r .  The thickness of gold f i l t e r s  

was  107 mg/cm 2 . The gold r a t i o  w a s  constant and was equal t o  4.8 (during meas
urements with an accuracy of approximately 13 percent).  

Let us compare the  r e s u l t s  which we obtained with known cross sect ions and 
with ce r t a in  computed data. 

The relaxat ion length obtained fo r  measurements with the  Th232 f i s s ion  
chamber agrees wel l  with data  presented i n  reference 1. 
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The discrepancy i n  the relaxat ion length measured by means of threshold 

t r a c e r s  according t o  react ions S p  (n, p )  P p ,  Mg24 (n, p )  Na24 and (n, Q') 

Na24 and measured by means of the Th232 f i s s i o n  chamber may be exp lahed  by the  
decrease i n  the cross  sect ion when the  energy i s  1-2 MzV. 

The values of re laxa t ion  lengths  obtained experimentally from meas- /188
urements w i t h  sulfur, magnesium and aluminum t r a c e r s  agree w e l l  with the cor
responding value computed according t o  the removal cross  sect ion (ref. l3), 
d i f f e r ing  from the la t ter  by 10 percent.  

Table 3 shows the computed values of asymptotic cross sect ions i n  the t rans
por t  approximation f o r  several  energy groups (p. 99 of  t h i s  volume). 

The computation of these cross sect ions i s  based on the adopted /190 
group cross sect ions and on equations f o r  determining the  asymptotic diffusion 
length ( r e f .  14).  

The data which have been obtained agree w e l l  w i t h  cross  sect ions computed- -

from relaxat ion lengths:  = 1.81 barn; (J = 1.87 
(n, p )  P32 Mg

24
(n, P) N a

24 

barn; (J = 1.87 barn. 
A127(n, a) Na24 

I n  order t o  compare the experimental and theo re t i ca l  data on the penetration 
of intermediate energy neutrons, the  spectrum of intermediate energy neutrons w a s  
computed using the age theory. 

We note t h a t  t he  form of the  spectrum remains constant over the e n t i r e  range 
of i ron  thicknesses which have been invest igated.  This agrees well w i t h  the  con
stant relaxat ion length associated with the intermediate neutron f l u x  attenuation 
over the e n t i r e  shielding thickness obtained from measurements made by a l l  of the 
detectors .  

r, cm 

Figure 10. Neutron at tenuat ion f'unc
t i o n  f o r  i n f i n i t e  plan unid i rec t iona l  
source measured with Cu, Au and BF3.  



TABLE 2. RESULTS O F  MEASUREMENTS MADE WITH DIFFERENT TRACERS. 

Detector Effective threshold according Measured range 
of thicknesses, R e1axat ion 

t o  incident spectrum MeV length,  cm cm 

BF 3 counter 180 24.4 

cu63 (n, y )  cu64 180 24.4 

(n, y )  Aulg8 180 24.4 

m22 (n ,  f )  50 7 - 5  

~ 3 2(n ,  p) ~3~ -3 63 6.5 

Mg24 (n ,  p )  Na24  -5 40 6 .3  

A127 (n ,  a) Na24 -? 85 6.3 

TABLE 3. ASYMPTOTIC CROSS SECTIONS I N  T�E TRANSPORT 
APPROXIMATION, BARN. 

=scatEnergy  group, 'tr (I 

YB t r  
(3
as

MeV 

1.4-m 2.2 0 =7 1-05 1.9 

1.4-2.5 2.2 0.8 1 .4  1.9 

2.5-4 29 3 1.o 1.3 2.1 

4-6 2.2 1.2 1.o 2.1 

6 --03 2 .o 1.33 0 -7 2.0 

Proceeding from the obtained spectrum, a cadmium r a t i o  equal t o  uni ty  and 
a gold r a t i o  equal t o  5.9 w e r e  es tabl ished.  This agrees well  with experimental 
da ta  within the accuracy of experimental and computational e r ro r .  

The authors express t h e i r  deep gra t i tude  t o  0. I. Leypunskiy and V. V. Orlov 
f o r  useful  remarks during the  discussion of the work. 
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h, cm 
Figure 11. Cadmium r a t i o  for 
copper t r ace r s  as fbnction of 
height h and distance r, cm: 
a, r = 3.7; b, r = 50.5; c, 
r = 73.9; d, r = 97.3; e, r = 
120.7; f, r = 144.1. 
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DEFORMATION OF FAST NEUTRON SPECTRUM IN CONCRETE AND WATER1 

Yu. A. Yegorov 

Measurements of.spectrumdeformation of fast nuclear reactor /190
neutrons passing through thin concrete layers and water layers were carried.out 
on.thenuclear reactor of the Academy .ofSciences USSR (ref. 1). The spectra 
were measured by means of a fast neutron scintillation spectrometer with two 
sensors (ref. 2). The reactor neutrons were introduced through the side exper
imental reactor channel, and before entering the spectrometer they passed 
through a graphite reflector with a thickness of 1 m and a steel plate with a 
thickness of 16 mm. The spectra were measured in the energy range of 2.1-3.6 
MeV. 

The neutrons from the experimental reactor channel passed through a colli

mator (paraffin with borax and lead) and entered the crystal analyzer of /lgl

the spectrometer--stilbene'neutrons which were scattered by the crystal 

analyzer at an aqgle of 70d entered the starting sensor, which consisted of 
five scintillation counters with a liquid scintillator (a solution of diphenyl
butadiene in xylene). The electronic circuits of the spectrometer were con
nected in such a way that the pulses which entered the pulse amplitude analyzer 
were proportional to the energy of recoil protons formed in the sensor-analyzers 
of the spectrometer only when neutrons were scattered at an angle of 70". The 

neutron energy was determined from the relationship En = E
P
/sin2 70" (En is the 

neutron energy, MeV). 


The spectrometer was calibrated by measuring the a- and B-spectra of 
several radioactive radiation sources. The transition of the a- and B-particle 
energy into proton energy was carried out on the basis of data presented in 
reference 3.  

During the investigation of transmission spectra, the concrete plates and 

little baths with water were placed in front of the spectrometer collimator in 

the path of neutrons from the experimental channel. The concrete utilized in 


the experiment has a volumetric weight of 2.2 metric tons/m3, and was prepared 
from conventional Portland cement whose chemical composition is given in 
reference 4. 

.I 

"This work W&B carried out in 1955. 



To study the transmission spectra of fast neutrons throughiwater, the lat
ter was poured into thin-walled flat baths made of brass. 

The fast neutron spectrum behind the reactor reflector has a maxi" at an 
energy of 2.35 MeV (fig. 1, curve 1); the number of neutrons with this energy 
is greater than the number of neutrons with the maxi" energy by a factor of 
approximately 4 0 .  The form of the spectrum behind'the reflector is substan

tially different from the form of $35 fission neutron spectrum. While the 

nondescending region of fission neutron spectrum is well approximated by a 

function of the form N(En) a e , according to data presented by Hill
- % / l e 5 5  


(ref. 5), the nondescending region of the measured neutron spectrum behind the 


reflector may be described by the function N(En) = 1.7-105 E, (En is the 

energy of neutrons in MeV), Thus the fast neutron spectrum behind the reflec

tor has a form which is different from the fission neutron spectrum. When 


Neutron energy, MeV 

Figure 1. Transmission spectra of fast neutrons 
through concrete layer of various thickness: 1, 
spectrum behind reactor reflector; 2, 5 cm; 3 ,
7.5 cm; 4, 10 cm; 5, 12.5 em; 6 ,  15 cm; 7,17.5 
cm; 8, 20 cm. 
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E < 2.3 MeV, t he  number of neutrons i s  sharply reduced; t h e  r e l a t i v e  number of n 

neutrons with E > 3 MeV i s  a l so  reduced. The neutron spectrum behind t h e  ren 
f l e c t o r  appears t o  become monochromatic near t h e  energy of' 2.35 MeV. This re
s u l t  coincides with propositions which have been s t a t ed ,  f o r  example, i n  
reference 6. 

The r e s u l t s  of measuring transmission spec t ra  of fast neutrons through a 
t h i n  concrete l aye r  are shown i n  figure 1. Curve 2 i s  obtained f o r  a concrete 
thickness of 5 cm, and the  remaining curves are obtained when t h e  l aye r  thick
n e s s ' i s  increased by 2.5 cm each t i m e .  As we can see, the  form of t h e  / l92 
spectrum does not d i f f e r  too much from t h e  spectrum of fast neutrons behind the  
reac tor  r e f l e c t o r .  

A s  t h e  thickness of t h e  concrete l aye r  i s  increased t h e  absolute number of 
neutrons i n  the  maximum decreases; however, it changes very l i t t l e  with respect 
t o  t h e  number of neutrons with the  maximum measured energy for given concrete 
thickness. A s  t h e  thickness of t h e  concrete l aye r  i s  increased, t h e  spectrum 
maximum i s  gradually displaced i n  the  d i r ec t ion  of lower energies: thus when 
the  thickness is  10 cm the  spectrum maximum i s  displaced by approximately l 5 O  
keV. I n  t h i s  case the  maximum i n  t he  spectrum a l s o  decreases. 

m 

13 


Neutron energy, MeV 

Figure 2. Transmission spec t ra  of fast  neutrons 
through water layers  of d i f f e r e n t  thickness: 1, 
spectrum behind reac tor  r e f l e c t o r ;  2, 2.5 cm, 3,
5 cm; 4, 10cm; 5, 20 cm. 



The spectra of fast neutrons passing through water layers of small thick

ness vary in approximately the same manner (fig. 2). However, in this case the 

variation in the form of the spectrum takes place a little more rapidly than 
when neutrons pass through the concrete. When the water layer thickness is 20 
cm, the maximum of neutron spectrum corresponds to an energy of 2.15 MeV. As 
the water layer thickness is increased, the boundary neutron spectrum energy
decreases. 
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SHIELDING F'ROPEBTIES OF CERTAIN TYPES OF CONCRETES 

V. N. Avayev, G. A. Vasil'yev, A. P. Veselkin, 
Yu. A. Yegorov, A. D. Zhirnov, 

V. A. Kucheryayev, Yu. V. Orlov, Ye. A. Panov 
and Yu. V. Panlrat'yev 

The biological shielding of nuclear reactors must attenuate the L B  
neutron and y-radiation fluxes from the active zone in such a way that the 
total dose power on its surface does not exceed the permissible level. Special 
concrete with an increased content of hydrogen nuclei and with introduced fil
lers containing heavy elements and boron compounds is very effective for this 
purpose. 

The increased hydrogen content in concrete is achieved basically by intro
ducing special materials which increase the quantity of water entering into a 
chemical bond with its composition. The attenuation of fast neutron fluxes by 
concrete is due primarily to the process of elastic neutron scattering by hy
drogen nuclei and the inelastic scattering by iron nuclei or other heavy ele
ment nuclei which make up the concrete composition. Neutrons which have lost 
their energy as a result of these processes, and which have become thermal 
neutrons, are effectively absorbed by boron nuclei. Boron is introduced into 
the concrete composition in.the form of various compounds, for example, calcium 
borate. 

The introduction of heavy elements into concrete is also necessary for the 
effective attenuation of y-ray fluxes, because the absorption of y-radiation by 
a substance increases with the specific weight of the substance. The applica
tion of reinforcement sections and of cast iron scrap for the coarse filler 

increases the volumetric weight of concrete to 4-6metric tons/m3, which substan
tially improves its shielding properties (ref. 1). 

The investigated concretes had light and heavy elements in their composi
tions, in the form of fine and coarse fillers and boron containing additions 
(ref. 2). Test samples were constructed in the form of rectangular plates with 

dimensions of 600 X 600 X 80 mm3. The volumetric weight of concretes varied 

from 2.0 to 4.65 metric tons/m3 , depending on the form of the coarse filler. 
The compositions of the concretes which were investigated are shown in table 1. 

The investigation of the shielding properties of concretes was carried out 
using sources of radioactive radiations. The attenuation of fast neutron 
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1 

2 

3 
4 

5 

6 

7 

8 

TABLE 1. COMPOSITION OF SPECIAL CONCRETES. 


101 Portland Mngnetite Serpentine Calcium borate 210 991 8ll 262 105 0.5 0.8 2.L 

84 --- Reinforcement sections 294 -- 3550 260 191 0.5 0.9 4.55 

85 -_- 264 -- 5510 265 248 0.75 1.08 4.55 
144 Magnesian Magnetite Serpentine 213 10% 865 288 107 0.5 0.9 2-53 

145 Portland 216 8% 256 108 0.5 0.8 2-53 

PD Datolite Datolite Datolite 207 1584 l n  207 3.4 0.43 2.6 

146 Magnesian --- Reinforcement sections Calcium borate 323 254 208 0.5 0.8 4.65 

147 Portland Ordinary refractory
clay 

Ordinary refractory
clay 

Ordinary refractory
clay 

374 579 300 374 - 0.4 2.0 

9 148 Portland No. 28 
containing
boron 

Refractory clay No. 31 
containing boron 

Refractory clay No. 31 
containing borbn 

Refractory clay No. 31 
containing boron 

591 260 382 3.44 0.34 2.0 

10 149 Portland Datolite Iktolite Datolite 507 7e4 248 507 2.84 0.24 2.55 

11 156 Portland No. 20 
containing
boron 

Refractory clay No. 31 
containing boron 

Ordinary refractory 
clay 

Refractory clay No. 31 
containing boron 

390 603 27a 390 2.0 0-35 2.05 

12 - 159 - Magnesian --- Reinforcement sections Calcium borate 325 - 5325 358 325 0.9 1.1 4 . k  



I 

fluxes by the concretes covering the entire spectrum of the Po -k Be source in a 
wide beam was investigated by means of an "all-wave" counter (ref. 3). Measure
ments were carried out using barrier geometry and a wide beam, keeping a con
stant distance between the source and the sensor. The attenuating layer was 
built up from the source to the sensor. 

The results of the investigations were used to determine the attenuation 
of fast neutrons for the entire spectrum of the Po + Be source for the individ
ual concretes. Figure 1 shows the attenuation graphs for concretes Nos. 6,8 
and 12. The error associated with measurements conducted by means of the "all
wave" counter had an average value of 2.5 percent and varied in the limits from 
1.6-5.4percent. 

The total attenuation cross sections C were computed from the attenuation 
curves. The calculation was carried out with the rectilinear portion of the 
attenuation law. The values obtained for C are represented in table 2. 

The attenuation curves have inflection points for almost all of the con
crete samples. When the thicknesses of the attenuating layer are greater than 
35-59 cm, the total attenuation cross section C decreases. This inflection is 
explained by the contribution made by neutrons which fall into the counter 
after multiple scattering by surrounding objects (floor, ceiling) and by the 
test samples. This contribution increases as the thickness of the attenuating 
layer is increased. Consequently, a decrease in the value of C for large con
crete thicknesses, independent of their composition, should be looked upon 
as an unavoidable experimental error. However, by increasing the thickness of 
the attenuating layer to 60-80 cm it is possible to determine the slope of the 
linear attenuation law region more exactly. 

Figure 1. Attenuation of fast neutron fluxes of entire 
Po + Be source spectrum by concretes Nos. 6,8 and 12. 
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TABU 2. ATTENUATION CROSS SECTIONS FOR " R O N  FLUXES OF TEE ENTIRE 
Po + Be SOURCE SPECTRUM. 

Concrete c, E r r o r ,  
number -1 %cm 

o.0626 4.5

0.0754 3.8 

o.0827 3.8 

o.0846 4.O 
0.06442 2.4 
o.0768 2.1 


Thickness of 

attenuating

layer, cm 


> 15 
> 15 
> 15 
> 15 
> 15 
> 15 

Concrete c, Error, Thickness of 
number -1 s attenuating 

cm layer, cm 

7 o.og61 2.o > 15 
8 o.0680 3-0  > 15 
9 o.0606 2.o > 15 
10 0.0725 5.4 > 15 
11 0.0626 2.5 > 15 
12 0.0758 3-0 > 10 

From the results obtained we can see that the flux of fast neutrons is 
best attenuated by heavy concretes Nos.7, 3 and 12, whose composition /sgg
includes a large quantity of iron. Furthermore, these concretes have a suffi
ciently high hydrogen content compared to other samples, while concretes Nos. 7 
and 12 also contain magnesium, whose total cross section in,theregion of 
approximately 1 MeV neutron energies is close to the total cross section of 

iron in this same region. 


1% is necessary to point out that many concretes (Nos. 6, 8,10 and 11) 
produce the same attenuation of neutrons from the Po + Be source. However, the 
accumulation of neutrons in the first layers of these concretes is not the 
same. Therefore the attenuation curves obtained for these are almost parallel 
when the layer thickness is greater than 15-20 cm. The same is true of con
cretes Nos. 3 and 4. 

The attenuation of thermal neutrons by concretes was also measured with a 
thermal neutron scintillationcounter under conditions of a wide beam. Lithium 
glass (ref. 4) in conjunction with a FEU-29 photomultiplier was used as the 
sensor. The initial flux of thermal neutrons in these eqeriments resulted 
from the moderation of fast neutrons from the Po + Be source in graphite 
blocks. Measurements were carried out with and without a cadmium filter. The 
attenuation curves for thermal neutrons (more precisely for neutrons with en
ergy 0-1.4eV) were obtained by subtracting the measurement results obtained 
with the cadmium filter from the respective results obtained without a cadmium 
filter. Figure 2 shows the curves for the attenuation of thermal neutron flux 
by concretes Nos. 5,6and 8. 

All of the test concretes except concrete No. 8 contain boron and /I96
therefore produce a sharp attenuation of thermal neutron fluxes even when the 
concrete layer thickness is relatively small (5-10 cm). As the boron concen
tration is increased, the slope of the attenuation curves increases. A further 
increase in the layer thickness (10-40cm) decreases the slope of the curves 
and in this region the flux of neutrons moderated in the concrete is weakened. 
When the concrete thickness is greater than 45 cm, the attenuation curves again 
undergo a sharp drop. It is obvious that from this boundary only the flux 
of neutrons which have been previously moderated is weakened. At this point 
there are no fast source neutrons. 



-- 
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Figure 2. Attenuation of thermal neutron f luxes 
by concretes N o s .  5, 6 and 8. 

TABLE 3. ATTENUATION CROSS SECTIONS FOR THERMAL NEUTRONS (TN) . 
Thick- Thick-Percentagi ness  Pescentage nessCon- of boron =!I”*or of at-Con- of 

i n  
boron =T”’ Error, of at- c re t e  i nc re t e  

number concrete cIIl-1 k tenuat- humher concrete cm-1 k tenuat
ing ingweight layer ,  weight 

layer,  
cm cm 

3 0 -75 3.277 10 < 5  8 1.0525 4 > 20 
o .0380 I.0380 21 > 10 9 3.44 -354 15 < 5  

4 	 0.5 1.180 11 < 5  1.o277 35 > 10 
I.Oh25 10 > 10 10 ‘2.84 10343 10 e 5  

5’ 0.5 I .183 9 < 5  1.0327 22 > 2 0  
I .0346 14 > 10 11 2 .o 1.198 21 < 5  

6 3.4 -354 11 < 5  1.034 35 > 20 
1.0258 30 > 10 

Concrete No. 8 does lot  contain boron, and f o r  t h i s  reason the curve has a 
maximum when the concrete layer  i s  approximately 10 cm and then decreases 
uniformly. 

From the  at tenuat ion curves f o r  fast neutrons we have determined the  at
tenuation cross sect ions &, shown i n  t ab le  3. 
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The attenuation of the y-radiation dose power by the concretes was mea
sured with a scintillation y-dosimeter without "hard operating" (ref. 5). The 
attenuation curves of y-radiation dose power by concretes Nos.?, 4, 9, 10, 11 

and 12 are shown in figure 3 .  The source of y-radiation consisted of Co60 with 
an activity of approximately 70 milligrams equivalent of Ra. Measurements were 
carried out using barrier geometry and a wide beam, 

The total attenuation cross section of the y-radiation dose power C for 
Y 

various concretes was determined from the attenuation curves. 
are shown in table 4. Calculation was carried out using the 
of the curves with an accuracy of the order of 2 percent. 

As was expected, the attenuation cross section for the y-radiation dose 

power increases with the volumetric weight of the concrete. Since measurements 

were carried out using "wide" geometry, the initial region of the attenuation 

curves for the dose is flat, due to the accumulation of the scattered 

y-radiation. This is followed by a linear steeper drop, and for concretes with 


approximately the same volumetric weight (2 metric tons/m3 for concretes Nos. 8 ,  

9 and 11;approximately 2.5 metric tons/m3 for concretes Nos. 14,15, 16 and 20 

and 4.5 metric tons/m3 for concretes No. 7 and 12) the behavior attenuation 

curves are the same, i.e., the y-radiation dose power decreases according to 


Layer thickness, cm 

Figure 3. Attenuation of y-radiation dose power by 
concretes Nos.3, 4, 9, 10, 11 and 12. 



TABLF: 4. ATTENUATION CROSS SECTIONS FOR “HIE DOSE P O W E R  OF y-RADIATION. 

Concrete Volumetric weight, Concrete Volumetric weight, -1 

number metric tons/m3 number metric tons/m3 XY’ cm--r . - .. . . .  _ _  

8 2 .o o.0887 
9 2.o 0.081 

2.53 10 2.55 0.io3 

2.6 11 2.05 o.078 


7 4.65 12 4.40 0.146 

-. -

the same law. Llght concretes attenuate y-radiation, primarily due to Compton 


scattering, because for energies of the Co60 source y-quanta this process 1198 
has a higher probability than the photoeffect or the formation of pairs. 
Therefore for these the slope of the attenuation curves increases for large 
thicknesses (50-60em), because an ever-increasing quantity of y-quanta leave 
the flux due to scattering, and the basic contribution to the dose is given by 
hard nonscattered y-quanta. 

For concretes of average volumetric weight, the attenuation curves are 
rectilinear up to large thicknesses, whereas the curves for heavy concretes 
have an inflection at large thicknesses, which may be explained by the accumu
lation of tlsoftlty-quanta. 


These investigations show that heavy concretes serve as a more effective 

shielding from neutrons and y-radiation. Concretes with a magnesium additive 

have slightly increased shielding properties compared with concretes utilizing 

the Portland cement, when the density is the same. The introduction of boron 

compounds into the concretes produces a strong attenuation of thermal flux. 
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THE TRANSMISSION OF GAMMA.-RADIATION THROUGH 

HETEROGENEOUS MEDIA 


D. L. Broder, Yu. P. Kayurin, A. A. Kutuzov 


Introduction 


The calculation of shielding from y-radiation requires the knowledge /198
of one of the significant characteristics of a material--the buildup factor of 
y-radiation. For homogeneous media the buildup factor B (Eo, x, z, g) is a 
function of the initial y-radiation energy E0’ the thickness of the material x, 

the atomic number of the substance z, as well as the form of the source g. By

the present time, methods have been developed for computing buildup factors, and 

such buildup factors have been computed with sufficient accuracy for the majority 

of shielding materials over a wide range of material thicknesses and energies and 

for several forms of sources (ref. 1). However, the shielding which is used is 

usually heterogeneous, i. e., it consists of alternating layers of various mate

rials. The buildup factor of such a medium also depends on t W  order in which 

the materials are placed, whereas its variation with E

0’ 
and with the thickness 


of materials comprising the heterogeneous mixture as well as their atomic numbers 

are more complex. It is practically impossible to use the methodlof moments and 

compute the buildup factors for the entire diversity of such heterogeneous 

shieldings. 


References 1-3 contain certain recommendations based on general physical con
siderations resulting from the computation of buildup factors for heterogeneous 
shieldings consisting of two meterials. For example, when the energy of y-radi
ation does not reach the energy corresponding to the minimum of the y-radiation 
attenuation coefficient curve for any of the materials, it is recommended to take 
either the buildup factor for only the heavy material over the entire thickness 
(measured in terms of the mean free path), when the y-quanta pass through the 
layer of the heavy material after passing the layer of light material, or to 
take the derivative of the buildup factors when the order of layer position is 
reversed. Individual experiments (refs. 4 and 5) confirm these recommendations 
qualitatively. Reference 1 presents empirical equations for computing the build
up factor for a heterogeneous medium consisting of water and lead (for three mean 
free paths of each substance). In this case the lead plate was placed behind or 

in front of a water layer of the same thickness. For heterogeneous media con
sisting of three or more layers there are generally no recommendations fo r  com
puting the buildup factors. 
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In the present work we made an experimental determination of the /199
dose buildup factor for heterogeneous media consisting of various combinations of 
materials (polyethylene, aluminum, iron, lead), and for y-quanta energies of 1.25,
2.76 and approxhately 6.4 MeV. The source of y-quanta with an energy of 1.25 MeV 

was Co60 and the source with energy 2.76MeV was Na24. The reaction F19 (p, CY) 

0l6 was used to obtain y-quanta of high energy (approximately 6.4 MeV). On the 

basis of experiments with Co60 and on the basis of general physical considerations 
an empirical equation was obtained for computing buildup factors in a heterogeneous 
medium consisting of any number of layers of various materials. Experiments 

with Na24 and with a y-ray source of energy of 6.4 MeV showed that this equation 
may be used even when the energies of the y-quanta exceed the critical energy. 
Basically the experimental buildup factors differ by not more than 15 percent from 
values computed by means of the given equation. 

Buildup Factors for Gamma-rays with an Energy of 1.25 MeV 


The experimental bu.ildupfactor for a shielding consisting of n layers of 
various materials and a point monoenergetic source with energy E

0 
are determined 

from the equation 

where DEo is the dose behind the test shielding at a distance R; Do
Eo 

is the dose
X 


Eowithout the shielding at the same distance R; ki is the total linear attenuation 


coefficient for y-rays with energy E0 for the material of the i-th layer in the 

"narrow beam" geometry; xi is the thickness of the i-th layer material. 


The experimental setup is shown in figure 1. 


The Co60 source with an activity of approximately 1 g-equivalentRa (average 
energy Eo = 1.25 MeV) consists of a cylinder with a diameter of 6 mm and a height 
of 12 m. 

The following shielding materials were investigated: polyethylene, aluminum, 
iron, lead and various combinations of these materials. All shielding blocks were 
assembled from plates with a thickness of approximately 10 mm. The dimensions of 
the iron and lead plates were TOO X TOO mm, and those of polyethylene and alumi
num plates were 1000 x 1000 m. A plastic scintillator (tetraphenylbutadiene and 
polyvinyltoluene) with a diameter of SO3 mm and a height of 380 mu served as the 
detector. The dosimetery of such a detector is shown in reference 6. The scin
tillator was connected to the FEU-24photomultiplier by means of an optical 
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Figure 3. Experimental setup: 1, source; 2, contained;
3, test materials; 4, lead screen; 5 ,  optical waveguide 
and photomultiplier; 6,preamplifier; 7,photomultiplier 
power source; 8,amplifier; 9, scintillator detector. 

waveguide. The preamplifier and dc amplifier were based on the ttKaktus"type in
stallation, which made it possible to operate in the current mode. The photo
multiplier was powered by a high voltage stabilized VS-9 type rectifier. The 
source container was made of lead and had the form of a cylinder (with a /200 

b: 	 diameter of 500 mm and a height of 500 mm) with a special slide plate and a 
moveable tube with the source. The lead screen around the detector was used to 
shield the detector from radiation scattered by the walls and the floor of the 
room. This radiation would introduce a large and undesirable contribution when 
taking measurements on shieldings of large thickness. The thickness of the screen 
was determined experimentally, and its dimensions were selected in such a way as 
not to disrupt the conditions of a "wide" beam. 


The magnitude of the dose without shielding D	EO was measured as a function0 

of distance under special conditions which eliminsrted the effect of scattered 
radiation. The linear attenuation coefficients for y-radiation in the test ma
terials were taken from reference 7. 

To check the experimental methodology, dose buildup factors for various media 

were measured in the "infinite" geometry: polyethylene, aluminum, iron. For the 

case of aluminum and iron the discrepancy between measured and theoretical data 

did not exceed 7 percent. The experimental buildup factors for polyethylene were 

compared with the theoretical accumulation factors for water. The values of the 

polyethylene buildup factor are greater by 10-l2 percent than the buildup factors 

for water. 


5Since the range of the measured doses was rather wide (1-10 relative units), 
several different degrees of instrument sensitivity were set and measurements'were 

taken using different scales. To compute the buildup factor, the measured doses 

were reduced to a single scale and to a single sensitivity. Special measurements 
were made to "match" the scales. The error due to the matching of the scales and 
the,normalizationof sensitivity did not exceed f 4 percent. The total 



experimental error was f 10 percent (taking into account the inaccuracy asso

ciated with the measurement of test plate thicknesses). 


The following heterogeneous media were investigated. These consisted of two 

layers of materials of various thickness 


Pol1 + Pb; Pol + Fe; Fe + Pb 

(the heavy material follows the light material) and Pb + Pol; Fe + Pol; Pb + Fe 
(light material follows the heavy material). 

Of the materials used--polyethylene, aluminum, iron and lead--variousheter

ogeneous mixtures were composed, including 3, 4, 5 and more layers. In mixtures 

consisting of the same material different material thicknesses were utilized. 


A comparison of experimental data with data computed, as recommended in 
references 1-3, showed that for the specified energy (approximately 1.25 MeV) 
and with thicknesses of 0.7-15mean free paths the test materials have a place 
where the computed and measured doses differ by a factor of 2-4. For mixtures 
consisting of three or more layers of different materials there are generally no 
recomendations. The data of the experiments have shown that for such cases the 
buildup factor does not lie above the maximum or below the minimum buildup factors 
of homogeneous materials, comprising the heterogeneous mixture, which are taken 
to have the total thickness of the mixture in terms of the mean free path. For 
a more exact calculation of the buildup factors for a heterogeneous mixture 

Bmix’ an empirical formula of the following form was obtained on the basis of 

experimental work and on the basis of general physical considerations carried 

out in the present work: 


N n N n- I 

B,,= n=l i=;l p i x i ) - n = 2  1-1y B,  (z‘ 2’ B,  (2’p i x i ) ,  (2) 
(CM = mixture) 

where N is the total number of layers (the layers accounted from the source); 
n 

�3 (2  Pixi) is the buildup factor for the homogeneous material of the n-th
n i  
layer taken for the corresponding thickness expressed in terms of the mean free 

path. 


In a particular case when the heterogeneous medium consists of three /201
mterials, for example, Fe + Pb +, H20 with the corresponding thicknesses IJ~1x1’ 

p x and p3x3’ expressed in terms of the mean free path, equation (2) gives us 2 2  

/]pi, - 1 -B c ,  =Brpc (/-+ti) i- ([Ll-yi -+/I.”:) - 13p1,(PIXI)

+h Z o ( p i x ,-k 1‘2~2+p 3 ~ 3 )-Uir20( p 1 ~ i - j -px.vJ. 

1pol = polyethylene. 



1 1  is the buildup factor for iron over the adapted thickness of thewhere %e (p x 

iron layer; Bpb (pl%) is the buildup factor for lead over the adopted thickness 


of the iron layer; Bpb (pixl + p x is the buildup factor for lead taken over 

the total thickness of the iron layer and the lead layer; BH20 (PIX1 + p x ) i s 
2 2 


the buildup factor for water over the thickness of the layer where it is absent, 
i.e., over the thickness of the iron and lead layers; (PIXl + P2X2 + V3X3) 

is the buildup factor for water over the thickness of the entire mixture. 


In the same way, equation (2) may be written for other heterogeneous mix
tures consisting of any number of layers. 

The experimental values of the buildup factors for all investigated layers 

basically agree with values computed by means of the given equation, within the 

limits of experimental error. Some of the experimental results are shown as a 

graph for the variation of B(px) in figures 2-5 .  The buildup factors computed 
by means of equation (2)are shown by a solid line; the experimental values are 
shown by the corresponding points. 

Figure 2 shows the Pol + Pb case. Here the lead was gradually built up 
behind each of the polyethylene layers. As we can see from the graph Bmix 
comes closer to the buildup factor of lead as we increase the lead content and 
decrease the polyethylene content of the given mixture. Analogous results were 
obtained for Pol + Fe; Fe + Pol and Fe + Pb; Pb + Fe. Figure 3 shows the be
havior of the buildup factor for one of the heterogeneous mixtures consisting 
of six layers. 

8 

Figure 2. Dose buildup factors for mixtures of polyethylene 
and lead (E0 = 1.25 MeV): 1,experimental data for polyeth

ylene thickness of p x  = 0.671; 2, px = 2.013; 3, px = 3.355;
4, computed by equation (2). 
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Figures-4  and 5 show the case of a heterogeneous mixture consis t ing of a large {

fnumber of t h i n  recurr ing layers .  As we can see from f igure  4, f o r  cases of t h i s  
type the discrepancy between the  experimental values and values obtained from 
equation (2) may exceed 30 percent, which apparently i s  explained by the small 
thickness of the layer .  The empirical  formula w a s  not ver i f ied  f o r  layers  l e s s  
than px = 0.7. 

It should be pointed out t h a t  when we use the method of Berger and Doggett 
t o  take i n t o  account the f i n i t e  dimensions of the medium ( ref .  8) (corrections 
a re  a l so  presented i n  reference 3), we obtain r e s u l t s  which a re  much closer  t o  
the experimental ones ( f ig s .  3, 4 and 3) .  

Further experiments were run t o  ve r i fy  the app l i cab i l i t y  of equation (2) 
t o  higher energies of the y-radiation. 

Buildup Factors f o r  Gamma-rays with an Energy of 2.76 MeV 

The setup, detector ,  and materials were the same as  i n  the preceding ex

periment. The Na24 source consisted of a sphere with a diameter of 24 mm and 
a s h e l l  made of nickel  with a thickness of 0.3 mm f i l l e d  with compressed NaF 
powder. Only two basic l i n e s  were taken i n t o  account during the computations: 
2.76 and 1.38 MeV ( in t ens i ty  i n  the r a t i o  1:l). The absorption i n  the nickel 
s h e l l  and self-absorption of the source were not taken in to  account. The a t 
tenuation coeff ic ients  f o r  y-radiation with energies of 2.76 and 1.38 MeV were 
also taken from reference 7. 

NaThe dose produced by a source of t h i s  type Do w i l l  be expressed i n  the 

following manner (when shielding i s  absent) 
Na 2.76 1.38 

Do = Do + Do J 

where D2*76 i s  the dose produced by the 2.76 MeV l ine ;  
0 

i s  the dose pro
0 

duced by the 1.38 MeV l ine .  

The gamma constants f o r  these l i n e s  are 11.9 and 7.15 R / h r ,  respectively,  
i .e . ,  

Proceeding from these relat ionships ,  we obtain /204 



I t  heoret i c a l  

Fe theoretical 

Figure 3. Dose buildup f ac to r  f o r  heterogeneous mixture 
consisting of s ix  layers  (E

0 = 1.25 MeV): 1, BdX; 2, com

pensated for f i n i t e  dimensions of medium; 3, experimental
data.  

Figure 4. Buildup f a c t o r  for heterogeneous medium con
s i s t i n g  of l a rge  number of layers  (Eo = 1.25 MeV) : 1,
kx;
2, Bmix with corrections;  3 ,  experimental data.  
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Figure 5 .  Buildup fac tor  f o r  heterogeneous mixture -
consis t ing of la rge  number of  layers  ( E0 -- 1.25 MeV) : 

1, Bmix; 2, Bmix with corrections;  3, experimental da ta .  

When a shielding i s  equal t o  

Consequently, 

Here Bx*.T6 and Bx1.38 
are  the buildup f ac to r s  of the given heterogeneous mixture 

for energies of 2.76 and 1.38 MeV, respectively.  The values of B1.38 
for homo 

geneousmediawere taken from reference 1. For the  heterogeneous media Bx1.38 

were obtained by two methods: 

(1)B1*38 was assumed t o  be iden t i ca l  t o  B'O6' and the r e s u l t s  of the pre

ceding experiments were used t o  determine it, because B1.38 
i s  close i n  value t o  

( the average energy Co60 = 1.25 MeV); 

(2) according t o  equation ( 2 ) ,  verif ied f o r  the  Co60 source, which must 
a l so  be val id  f o r  the y-radiation of energy 1.38 MeV due t o  the monotonic var i 
a t ion  of the buildup f a c t o r  with energy. 
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For control purposes, buildup f ac to r s  f o r  homogeneous media Pb, Fe and Al 
were measured under conditions close t o  ' ' inf ini te"  geometry. The discrepancy 
between experiment and theory does not exceed 10 percent. Table 1shows the re
s u l t s  obtained from the invest igat ion of the heterogeneous mixtures. The tab le  
l i s ts  the mater ia ls  contained i n  the  heterogeneous mixture (beginning with t h e '  
source); the  thickness of t he  px l ayers  i n  terms of the mean f r e e  path; Bex, 

experimental buildup f ac to r s  averaged out over three readings; the values of 
%ix computed by means of equation (2) u t i l i z i n g  da ta  presented in . re ference  1; 

and quant i ty  6 showing the discrepancy between experimental and computed data.  

A s  w e  can see from the data,  equation (2) may a l so  be used f o r  an /2O5 
energy of approximately 3 MeV; however, this energy i s  s t i l l  not the c r i t i c a l  
one f o r  any of t he  tes t  materials,  i .e. ,  f o r  the given mater ia ls  none of the a t 
tenuation coef f ic ien ts  f o r  y-radiation reaches a minimum value. The experiment 
was run t o  ver i fy  the app l i cab i l i t y  of equation (2) t o  heterogeneous mixtures 
i n  the  region of quanta energies above 3 MeV. 

Buildup Factors of Gamma-rays with Energies of 6.4 MeV 

The F1' (p, a) 0l6 react ion was used t o  obtain y-radiation of t h i s  type. 
The protons were accelerated by a l i n e a r  accelerator  up t o  the resonant energy
(0.88 MeV) and were directed t o  the C a F 2  c rys ta l ,  which had a form close t o  a 
sphere with a diameter of approximately 10 mm. 

TABLF: 1. EXPERIMENTAL AND COMPUTED BUIDTJP 
FACTORS FOR = 2.76 M E N ,  

Mixture P2.Q Bex 
-_-

PI) f AI 2.266 6.750 7.32 7.4s. 1.745 
the same 4,493 3.000 4,G9 5.15 8.94 

w w 4.493 4.500 I5.67 6.42 11.68 
w w 4.493 6.750 8.21 .8.45 2.81 
w w 7.271 1 .sol) 5.18 5. IS -0.975 
w w 7.271 2.250 5.36 5.78 7.27 
w w 7.271 3 000 5.95 6.39 6.88 

Pb  + AI + Fe 4.493 3.00 6.11 6.26 2.39 

AI + P b  1 A00 7.271 4.33 5.03 1.98 
:he s a m e  3.000 2.294 3.71 4.03 7,!).I 

w w 3.000 1 .!io3 4.64 5.02 7.57 
* > 3.000 7.271 5.89 6.13 8.10 
P D 4.500 4.047 6.34 6.25 - I  .14 
w w 1.800 3.157 5.!)8 6.05 1.154 
n	 w 4,800 2.266 5.85 5.68 -3.00 
w w 8.25 0.862 8.06 7.88 -2,28 

AI  + Pb + A1 3.00 2.266 6.32 6.44 1.86 
Fe + A I  2.899 1.500 4.00 4.05 1.235 

Fe + AI + Pb 2.899 1.500 4.67 4.67 0 

T -



Figure 6. Dose buildup f ac to r s  f o r  homogeneous 
media (E = 6.4 MeV) Al (a),Fe (b)  and Pb (c):

0 
, computed data; 0,experimental data. 

The computation took in to  account y-quanta of th ree  basic  energies,  emitted 
i n  the  process of the reaction: 6.13, 6.9 and 7.1 MeV with r e l a t i v e  i n t e n s i t i e s  
of 0.76, 0.025 and 0.21, respectively.  I n  t h i s  range of energies the buildup 
fac tor  var ies  very l i t t l e ,  and proceeding from the r e l a t i v e  i n t e n s i t i e s  we can 
u t i l i z e  the average e f f ec t ive  energy of 6.4 MeV. I n  the experiment the materials 
and detector  of t he  preceding experiment were used, The experimental setups did 
not d i f f e r  i n  p.rinciple; however, the dimensions and thickness of the  protect ive 
screen were subs t an t i a l ly  increased i n  accordance with the u t i l i z e d  y-radiation 
energy and the conditions of the experiment. 

The experimental buildup f ac to r s  were computed by means of equation (1). 
Since the number of protons f a l l i n g  on the t a rge t  changes somewhat during the 
period of measurements, the in t eg ra l  of count during the period of time t was 
taken, referred t o  the  i n t e g r a l  count of the monitor placed a t  a d e f i n i t e  distance 
from the ta rge t .  Nevertheless, the i n s t a b i l i t y  of the source power reduced the 
accuracy of t h i s  experiment compared t o  t h a t  of the preceding experiment. The 
t o t a l  experimental e r r o r  was f 17 percent. Evaluations of formation i n t e n s i t y  
and the effect iveness  of photoneutron detect ion showed t h a t  t h e i r  contr ibut ion 
t o  the count should not exceed 0.01 percent, 

Since there  a r e  too few experimental r e s u l t s  f o r  the high energy region 
(even f o r  homogeneous media), the measurement of buildup f a c t o r s  f o r  y-quanta 
with energy 6.4 MeV was carr ied out i n  the present work f o r  polyethylene, 
aluminum, i ron  and lead  within the "bar r ie r  geometry." The theo re t i ca l  values of 
buildup fac tors  are taken from reference 1, corrected f o r  the f i n i t e  dimensions 
of the medium according t o  the method of Berger and Doggett (ref. 8). 
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Figure 7. Dose buildup f ac to r s  f o r  mixture of two materials 
(Eo = 6.4 MeV) : 1, computed by means of equation (2);  2, ex
perimental data.  

Figure 8. Dose buildup fac tors  f o r  heterogeneous mixture 
of lead and i ron  (Eo = 6.4 MeV): 1, computed by means of 
equation (2);  2, experimental data  f o r  first case; 3, ex
perimental data f o r  second case. 

The graphs i n  f igure  6 show some of the measurement r e s u l t s  f o r  homoge
neous media. 

Some of the measurement r e s u l t s  f o r  heterogeneous media a re  shown i n  the 
graphs of f igures  7, 8 and 9. These f igures  give the values of measured and 
computed (by means of equation ( 2 ) )  buildup f ac to r s  f o r  y-quanta of energy of 
6.4 MeV i n  heterogeneous mixtures of Al, Fe and Pb. 

Conclusions 

The conducted experiments showed t h a t  the empirical equations (2) /207 
may be used successfully i n  computing the buildup f ac to r s  of y-radiation with 

I
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Figure 9. Dose buildup f a c t o r  f o r  mixture of three 
mater ia ls  (E

0 
= 6.4 MeV): 1, computed by means of 

equation (2); 2, experimental data. 

energies i n  the range of 1-6.5 MeV. There i s  no bas is  t o  assume t h a t  t h i s  
equat ionwi l l  not be valid f o r  higher rad ia t ion  energies.  For example, com
putation by means of t h i s  equation and computation by means of a spec ia l  
empirical equation f o r  the case Pb + H20 ( r e f .  1) d i f f e r  by not more than 3 

percent f o r  energies of 3 and 10 MeV ( i n  each case, computations were carr ied 
out f o r  nine combinations, i .e . ,  the  thickness of Pb and H

2
0 were taken equal 

t o  1, 2 and 3 mean f r ee  paths) .  Within the specif ied range of energies,  com
putations by means of equation (2) agree with the  experimental data  obtained 
by other  authors ( re fs .  4 and 5 ) .  The given equation was not ver i f ied  f o r  
lower energies of y-radiation or f o r  thicknesses g rea t e r  than 15 mean f r e e  
paths. 
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THE GAMMA-SPECTRUM OF THE EXPEEIMENTKL REACTOR 

V. 	 N. Avayev, Yu. A. Yegorov, I. Ya. Yemel'yanov, A. D. Zhirnov, 
Yu. V. Orlov and V. A. Remizov 

A s c i n t i l l a t i o n  spectrometer of the electron-posi t ron p a i r  ( re f .  1) /2O7 
was used t o  measure the y-spectrum of an experimental water-moderated pool-type 
reactor .  The gamma-quanta from the ac t ive  zone of the  reac tor  were directed t o  
the spectrometer along the l a t e r a l  experimental channel with a diameter of 
100 mm and a length of 2.5 m. To exclude the e f f e c t  of y-quanta scat tered i n  
the channel, a lead coll imator with a length of 180 mm and with a collimating 
opening diameter of 10  mm was placed i n  the  channel. The spectrometer sensor 
was in s t a l l ed  behind the concrete reactor  shielding while the f lux  of y-quanta 
passed through a coll imator of 260 mm i n  length made of paraf f in  with boron 
carbide and lead. 

The r e s u l t s  of the measurements ( the de ta i led  y-spectrum) are shown i n  
f igure 1. Since the  spectrometer i s  sens i t ive  t o  neutrons, although t o  a 
r a the r  i n s ign i f i can t  degree, measurements were carr ied out under t he  same con
d i t ions  with a bismuth f i l t e r  with a thickness of 100 mm ( f ig .  1, curve 2) and 
a corresponding correct ion was introduced (ref. 2) .  

To iden t i fy  the reac tor  spectrum, the spectrometer was cal ibrated by mea

suring the y-spectra of Na24 and Po + Be sources. The correction f o r  the e f 
fectiveness of the spectrometer depending on the energy of the y-quanta was 
introduced i n  accordance with data  presented i n  reference 1. The r e s u l t s  of 
measuring the  y-spectra of TVR (ref. 3) and IRT ( r e f .  4) reac tors  as  well as 
data  i n  reference 5 were used t o  in t e rp re t  the spectrum. 

The processed y-spectrum of the reac tor  i s  shown i n  f igure  2 and i n  tab le  
1. 	 The basic y- l ines  of the r eac to r ' s  s t r u c t u r a l  mater ia ls  are  i so la ted  i n  the 
spectrum; of aluminum ( the uranium elements a re  placed i n  aluminum s h e l l s  and 
assembled i n  aluminum car t r idges) ,  of i ron  (tube of the s l i d e  p l a t e )  of chrome 
and of nickel (tube of the s l i d e  p l a t e ) .  The y- l ine with an energy of 2.2 MeV 
i s  c l ea r ly  i so la ted  ( i n  our r e s u l t s  the energy was 2.18 MeV). This l i n e  i s  due 
t o  the radiat ion capture of neutrons by hydrogen--H (n, vID* Apparently the 

y- l ine with energy of 4.05 MeV may be a t t r i bu ted  t o  U239 and represents the 
unresolved l i n e s  with energies of 4.065 and 3.987 MeV ( r e f s .  3 and 5 ) .  A y- l ine 

with an energy of 4.63 MeV from U239 was detected i n  reference 3. We were / a 8
unable t o  de tec t  this l i n e ,  possibly due t o  i t s  small i n t e n s i t y  (approximately 
1percent).  The y- l ines  with energies of 2.53, 6.58 and 7.05 MeV were c l ea r ly  
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Figure 1. Instrument y-spectrum of experimental water-moderated 
reactor  (A) and neutron background (B).  

i so la ted  i n  the spectrum. These l i n e s  were not detected i n  references 3 and 4. 
It i s  possible t h a t  they are  due t o  f a l s e  coincidences during leakage of only a 
s ingle  annihi la t ion y-quanta from the cen t r a l  c rys ta l .  

Lines of 4 . U  MeV (Fe, N i ,  Al), of 4.75 MeV (Al, C r ,  Fe) and of 6.8 MeV 
(Al, N i )  apparently represent adjoining unresolved y- l ines  with the  following 
energ ie  s 

4.2 (Fe, N i )  and 4.25 MeV (Al); 
4.n (All and 4.78 MeV (Fe, C r ) ;
6.76 and 6.83 MeV ( N i ) .  



-- 
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TAEZE 1. GAMMA-SPECTRUMOF E X P E R ~ A LREACTOR.^ 
Energy of Source element Energy of Source element 

Number y-quanta, of Number y-quanta, of 
i n  MeV 

1 1.65 
2 2.18 

3 2.53 
4 3.16 
5 3.54 
6 3.83 

7 4.05 
8 4.21 
9 4.37 

1 0  4.52 
11 4.75 
12 4.9 

'See f igure 1. 

y-radiat ion 

Al20
+Si 

20 
; Fe? 

(n, Y) 

Al; C r ? ;  N i  
Al; Fe 
Fe; Al 

U238; Fe; N i  
Fe; 	 N i ;  Al 

Fe 
Al? 

Al; Cr; Fe 
Al; Cr 

i n  MeV 

13 5.14 
14 5.38 
15 5.59 
16 5.86 
17 6.2 

18 6.35 
19 6.58 
20 6.8 
21 7.05 
22 7.4 
23 7.6 
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However, the basic contribution t o  the unresolved l i n e s  i s  made by the 
captured y-radiation from aluminum. 

We can see from f igure  2 t h a t  the spectrum i s  accompanied by a subs tan t ia l  

continuous d is t r ibu t ion ,  which i s  due t o  the y-radiation accompanying the  U235 
f i s s i o n  process and also due t o  the sca t te r ing  of y-radiation i n  the  ac t ive  
zone of the reactor and i n  water. 

The in t eg ra l  y ie ld  of y-radiation N per u n i t  energy in t e rva l  (1MeV) /2O9 
i s  shown i n  f igure 2. 

Comparing our r e s u l t s  with data  presented i n  references 3 and 4 we should 
note tha t  the spectrum of the experimental water-moderated reactor  i s  substan
t i a l l y  softened, which apparently i s  explained by the multiple sca t te r ing  of 
y-quanta i n  water. The reactor  spectrum was measured approximately t o  7.8 MeV 
( f ig .  2). Gamma-lines with high energy were not detected; t h i s  i s  
explained by the f a c t  t h a t  i n  the region of high energies the y-radiation i s

/210 
basical ly  due t o  the absorption of neutrons by i ron,  nickel  and chromium. 
These elements a re  not present i n  the act ive zone of the reactor,  and the output 
of y-radiation from the tube of the s l i de  p la te  i s  small so t h a t  only an ins ig
n i f i can t  pa r t  of the captured y-quanta from the tube could f a l l  i n t o  the sensor 
of the spectrometer . 

TAEKEC 2. INTEGRAL YIEZD OF y-RADIATION N. 
-. . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  - _ _  . - - . 
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~-I . 

I ,25 I 
I 

1 
. __ ........... .-i 

. - . . . . .I . . . .  _-

REFERENCES 


1. Avayev, B. N. ,Yegorov, Yu. A. and Orlov, Yu. V. P .  464 of t h i s  volume. 

2. Yegorov; Yu. A. and Orlov, Yu V. P .  474 of t h i s  volume. 

3. 	 Burgov, N. A., Danilyan, G. V. e t  a l .  Atomnaya Energiya, V O l .  9, 214, 
1960. 

4. Groshev, L. V. and Demidov, A. M. Atomnaya Energiya, Val. 7, 257, 1959. 

5 .  	 Groshev, L. V., Demidov, A. M. e t  a l .  An Atlas of y-ray Spectra f o r  the 
Radiation Capture of Thermal Neutrons (Atlas spektrov y-luchey radiats ion
nogo zakhvata teplovykh neytronov) . Moscow , Atomi zdat , 1958. 

6. Harvey, J. Phys. Rev. ,Vol. 81, 353, 1951. 

303 



THE INCLINED INCIDENCE O F  GAMMA-RAYS 

V. I. Kukhtevich and L. A. Trykov 

Introduction 

I n  the prac t ice  of designing biological  shielding it i s  sometimes / 2 l O  
necessary t o  know the buildup dose f ac to r  when w e  have an inclined incidence of 
y-radiation. This problem has not been studied i n  d e t a i l  t o  the present time. 
Only a f e w  works have been published i n  the  l i t e r a t u r e  containing computed data 
and only one published work contains experimental data. 

Reference 1uses the method of random t e s t s  t o  compute the at tenuat ion of 
y-radiat ion with energy EO = 4MeV i n  a lead b a r r i e r  as  a function of i t s  

thickness por and the rad ia t ion  incidence angle a t  the f ron t  boundary of the 

b a r r i e r  a.  Reference 2 presents the energy buildup f ac to r s  obtained by the 
method of successive co l l i s ions  f o r  i ron  and lead ba r r i e r s  and which are sub
j e c t  t o  a unidirect ional  rad ia t ion  f a l l i n g  a t  an angle a. Reference 3 presents 

experimental data  on the inclined penetration of y-rays from Au198, cs137, co60 
through a ba r r i e r  of concrete, lead and polyethylene. The authors of reference 
3 have made a de ta i led  study of ba r r i e r  Zhickness Lalong the  normal) of the 
order of 1 or more mean f r e e  paths f o r  0 a S 70 . However, it i s  a l so  of 
i n t e r e s t  t o  consider the penetration of y-radiation with inclined incidence 
through shielding ba r r i e r s  of small thickness of the order of 1mean f r e e  path 
(along the normal) and l e s s .  

. I n  the present work we measured the  dose D of y-rays from an i n f i n i t e  uni

60
di rec t iona l  Co source behind the  b a r r i e r  shielding. 

The angle a: between the barrieroplane and the  d i rec t ion  of incidence of 
the y-quanta was varied from 0 t o  80 . The following mater ia ls  and t h e i r  com
posit ions were used i n  the measurements: lead (r = 0.7, 0.8, 1.4, 2.75 cm), 
Plexiglas (r = 3, 8 11, 1 4  cm) and composite ba r r i e r s  of lead (r = 0.8 cm) and 
Plexiglas (r = 8 cmj, where r i s  the thickness of the shielding along the 
normal. 

I n  determining the dose buildup f ac to r  it was necessary t o  measure the 
dose Do from the d i r e c t  beam of y-quanta i n  addition t o  the  at tenuat ion value. 

By subs t i tu t ing  D and Do i n to  the equation BD = D/DO epor, it is  possible /211 
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t o  compute the  buildup dose f a c t o r  BD as a function of POr an$ of the angle a .  

The penetration of y-quanta which were incident  a t  an angle t o  the composite 
b a r r i e r s  from heavy and l i g h t  components were a l s o  measured. In  t h i s  case the 
l i g h t  and heavy components were interchanged. 

The r e s u l t s  were compared with published computed and experimental da t a  
(refs. 1-4). 

Experimental Setup 

The experimental setup is  shown schematically i n  f igure  1. 

Co60 y-ray source with an a c t i v i t y  of approximately 1 C i  w a s  used i n  the 
experiment. The diameter of the  source w a s  5 mm, the  length of the lead c o l l i 
mator w a s  300 mm and the  diameter of the  collimator could be varied from 6 t o  
30 mm. It w a s  established during the operation t h a t  collimators with a d-iam
e t e r  of 6 and 8 mm were su f f i c i en t ,  which corresponded t o  angles p of 3 0 '  and 
5 0 ' ,  respectively. The values of f3 were obtained experimentally. 

The conditions f o r  t h e  i n f i n i t e l y  wide unid i rec t iona l  beam of Co60 y-rays 
w a s  es tabl ished experimentally. It was found t h a t  the  minimum dimension of the 
l i g h t  component p la te  f o r  0" 5 a: 80" i s  su f f i c i en t  when i t s  length i s  2 m and 
i t s  height i s  1m (when a: = 0" the t o t a l  co l lec t ion  of sca t te red  y-quanta was 
achieved when the  beam diameter, designed f o r  the shielding,  was equal t o  80 
cm). Although it w a s  possible  t o  u t i l i z e  shielding p l a t e s  of smaller height 
f o r  lead, the p l a t e s  used i n  the experiment were of the  same value. 

To control  the value of t h e  y-quanta angle o f  incidence a spec ia l  ro ta t ing  
device was constructed f o r  the  shielding.  With t h i s  device the t es t  shielding 
on it could be secured, together wiih the de tec tor  and t o  change the  Y-quanta 
beam incidence angle a: from 0 tg  90 . This device made it possible  t o  s e t  the 
angle a with an accuracy of f 1 . The de tec tor  consisted of anisotropic  scin
t i l l a t i o n  dose counter of y-quanta consisting of a s t i lbene  c r y s t a l  (with a 
diameter of 30 mm and a height of 15 mm) and the  FEU-123 photomuJtiplier. 

The pulses from the cathode follower of the s c i n t i l l a t i o n  counter were fed 
t o  the "Siren'" type amplifier by means of an RK cable, and from the  amplifier 

Figure 1. a p e r i m e n t a l  setup: 1, source; 2, lead collimator; 
3, ro t a t ing  device f o r  b a r r i e r  shielding; 4, detector .  
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they were fed t o  the pulse dose in tegra tor .  During the period of measurements 
the s t i lbene  c rys t a l  was placed f lu sh  against  the plane of the shielding, so 
t h a t  the detector  measured the rad ia t ion  f lux.  The s t a b i l i t y  and l i n e a r i t y  of 
this detector  was checked. before the  basic  measurements and proved t o  'be qui te  
s a t i s f ac to ry  (f 3 percent) .  Measurements i n  the i n t e r v a l  from 0.22 t o  1MeV 
were carr ied out t o  check the s e n s i t i v i t y  of the detector  as  a function of 
energy using the method described i n  reference 5. The deviat ion from hard op
e ra t ion  does not exceed 6 percent, which i s  within the root-mean-square mea
surement e r r o r .  

The Results and Measurement Errors 

The r e s u l t s  of measuring the penetration of y-rays which f a l l  a t  an angle 
on the t e s t  ba r r i e r  shielding are  shown on f igures  2-4. 

m

8 


Thickness of lead ba r r i e r ,  por 

Figure 2. Variation i n  dose buildup f ac to r  as  function of lead 
ba r r i e r  thickness along normal, i n  terms of mean f r e e  path 

fo r  inclined incidence of Co60 y-ray beam: 
t a l  data; -----,computed data.  

, experimen-
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Thickness of Plexiglas ba r r i e r ,  pOr 

Figure 3. Variation i n  dose buildup f ac to r  as  function of 
Plexiglas ba r r i e r  thickness along normal i n  terms of mean 

-f r ee  path f o r  inclined incidence of Co60 y-ray beam: 7 

experimental data; - - - - -, computed data.  

Figures 2 and 3 present the results of measuring the dose buildup /2l3 
f ac to r  f o r  y-rays with inclined incidence on a ba r r i e r  shielding of lead and 
Plexiglas,  respectively.  

The dose buildup f ac to r  i s  determined from the equation BD = epOr D/DO, 

where po i s  the t o t a l  absorption coef f ic ien t  of Co
60 y-rays i n  lead, cm-'; r i s  

the thickness of the b a r r i e r  shielding (along the normal), i n  cm; Do i s  the 

dose of y-rays f a l l i n g  on the bar r ie r ,  p; D is  the dose of y-rays transmitted 
through the  bar r ie r ,  p. 

Figure 4 shows the  r e s u l t s  of measuring the composite ba r r i e r s  made up 
from heavy ( lead)  and l i g h t  (Plexiglas) components. 

The measurement e r r o r s  computed a s  the root-mean-square e r r o r s  are  made up 
of the following components : 

(1) e r r o r  i n  measuring the shielding thickness ( t h i s  does not include the 
e r r o r  i n  measuring the thickness due t o  the nonparallel  nature of the inc ident  
beam of y-quanta; t h i s  e r r o r  cons t i tu tes  approximately 5 percent even when the  
angle p has a maximum value); 
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Figure 4. Dose behind composite b a r r i e r  (D)  
a s  function of angle a: 1, Plexiglas  behind 
lead; 2, Plexiglas i n  f ron t  of lead.  

(2) f luc tua t ion  i n  the s e n s i t i v i t y  of the dosimeter; 

(3) the  s t a t i s t i c a l  measurement e r ror .  

The t o t a l  e r r o r s  cons t i tu te  approximately 5-10 percent (we neglected the 
sca t te r ing  of y-quanta a t  the source). We evaluated the back sca t te r ing  of 
y-quanta from the preamplifier s t ruc tures  i n  tge  s t i lbene  crystal .  The maximum 
contribution t o  the measured dose (when a 2 60 ) d i d  not  exceed 2 percent. 
This e r ro r  was not introduced in to  the r e s u l t s .  

Discussion of Measurements 

The results obtaimd were compared with published computed and experimen
t a l  data. Figure 5 compares the buildup f ac to r  during the  normal incidence of 
the radiat ion flux on lead barr iers ,  obtained i n  the present work, with the 
r e s u l t s  reported i n  reference 4. In  reference 4 the  energy buildup fac tors  
were cmputed by the  method of moments with a normal incidence of radiat ion on 
the shielding bar r ie rs .  

The broken l i n e  i n  f igure  3 represents the energy buildup f ac to r  during 
the transmission of y-rays through a b a r r i e r  of water with normal incidence 
(ref .  4).
buildup fac tor  when y-rays are transmitted through a Plexiglas bar r ie r .  The 

The so l id  l i n e s  are drawn through experimental points f o r  the dose 

computed data  f o r  Co6* are  obtained by interpolat ion.  
imental r e s u l t s  agree w e l l  with each other.  

The computed and exper-



Thickness of lead bar r ie r ,  pOr 

Figure 5. Variation i n  dose buildup f ac to r  a s  
function of lead ba r r i e r  thickness (normal in

cidence of COG' y-rays) : , experimental 
points; 0,computed points.  

The r e s u l t s  of measuring the  inclined y-rays incidence on lead ba r r i e r s  
a r e  compared with the data  of computational work ( r e f .  2) (see f ig .  2). A l 
though the discrepancy i s  of a systematic nature, it nevertheless f a l l s  within 
the range of experimental and computational e r rors .  A comparison with the re
sults of experimental work reported i n  reference 3 showed t h a t  the data  ob
tained by the authors of the present work agree with these r e s u l t s  within 10  
percent. 

In  comparing the obtained experimental data with r e s u l t s  reported / a 4
i n  reference 3, we observe t h a t  the r e s u l t s  agree f o r  the  l i g h t  and heavy com
ponent during the normal incidence of the y-quanta beam; the agreement i s  not 

qu i te  2 s  good f o r  the inclined incidence of C o60 y-rays on a lead ba r r i e r  with 
a 2 50 . The maximum discrepancy is  observed f o r  small thicknesses of lead 
bar r ie rs .  Reference 3 does not have any data  on the inclined incidence of 

y-radiation on polyethylene f o r  C o60 . 
We can see from the  data  obtained t h a t  i n  order t o  compute the dose build

up f ac to r  during the transmission of Co60 y-rays through a ba r r i e r  a t  angles 

a 5 60' and mean f r e e  paths 5 1it i s  e n t i r e l y  f eas ib l e  t o  use the equation 

D = D&,' e-mr ' ,  where po i s  the t o t a l  absorption coef f ic ien t ,  i n  cm-l; 

r t  = r/cos a; r i s  the shielding thickness along the normal; B;) i s  the buildup 

dose f a c t o r  taken f o r  ba r r i e r  thickness r '  when the  incident  radiat ion i s  
normal. 
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For a l i g h t  component of lowoenergy when the  mean free paths are approxi
mately equal t o  1and when a: > 60 the buildup f ac to r  B', taken f o r  ba r r i e r  
geometry during the normal incidence of y-quanta beam on it, w i l l  have a s l igh t 
l y  high value, From the  results of measuring the  composite barriers w e  can 
conclude ( f ig .  4) %hat when the  l i g h t  and heavy components are interchanged 
(with mean f r e e  paths approximately equal t o  1)no subs t an t i a l  var ia t ions are  
observed. 

1. Berger, M. and Doggett, J. J. Res .  mat. Bur .  Standards, VOl. 56, 89,19%. 

2, Peebles, G. H. Report R-240. The Rand Corporation, Santa Monica, Cali
fornia ,  1952. 

3. Kennedy, R. J. and Wyckoff, H. 0. Radiology, vole 63, 94, 1954. 

4. Goldstein, H. and Wilkins, J. Calculation of the Penetration of Gamma-rays 
NDA, NYO-3075, 1954. 

5. Ricci, R. A. Physica, V o l .  24, 289, 1958. 



INVESTIGATION OF THE SPEC% AND ANGULAR DISTRIBUTION OF GAMMA-RAYS 
AFTER TRANSMISSION THROUGH SHIELDING BARRIERS 

A. V. Larichev 


References 1-6are devoted to the investigation of spectral and j 214 
angular distribution of scattered y-rays. The basic geometries in these refer
ences were a point isotropic source (refs. 1 and 2) or a plane unidirectional 
source with a homogeneous shielding medium (refs. 3-6). 

The investigations described in the present work were carried out for /2l5 
the purpose of obtaining additional data, i.e., for other energies of the pri
mary y-rays. In addition, homogeneous shielding barriers consisting of two 
layers of materials with different atomic numbers were investigated. The layer 
thicknesses, expressed in terms of the mean free path, were selected so that 
they were equal (plxl = p2x2). 

The experiments were conducted using a setup described in reference 7. 
The experimental technique was analogous to the one considered in references 4 
and 6. The experimental results were processed by means of an inverse matrix 
for the spectrometer sensitivity function (ref. 8). Sources of y-rays con

sisted of Aulg8, Co60 and Na24. Shielding barriers made of lead, iron, aluminum 
and a combination of two materials were used. The experiments were conducted 
using sources of two geometries: a point isotropic source and a plane unidirec

tional source. For the case of a point source (Co60) and homogeneous barriers, 
the angular and energy distributions of scattered y-rays obtained by us were in 
qualitative agreement with the results reported in references 1 and 2. 

In cases of plane unidirectional Aulg8 and Na24 sources results with qual

itative similarity were obtained for the angular variation of scattered radia


tion intensity per unit solid angle as in the case of the Co60 source reported 
in references 4-6. Figure 1 shows the variation in the logarithm of the scat
tered radiation intensity per unit solid angle (with corresponding normaliza

tion) as a function of the scattering angle 0 for Aul* and Co60 y-rays when the 
source is plane and unidirectional (material Pb, pox = 6). The experimental
points fall quite well on straight lines (in this case the lines are parallel to 
each other), i.e., the angular variation of the scattered radiation intensity may 
be expressed by means of the following relationship 



where A and Oo are  constants. 

We can see from the  r e s u l t s  af reference 5 t h a t  the slope of s t r a i g h t  l ines ,  
analogous t o  the s t r a i g h t  l i n e s  i n  f igure  1, i s  p rac t i ca l ly  the same f o r  various 
thicknesses of the same material .  T h i s  shows t h a t  the constant COO does not de

pend on the ba r r i e r  thickness.  The energy re la t ionship  of 00 
values for various 

materials i s  shown i n  f igure  2. We can see t h a t  within the l i m i t s  of experi
mental e r r o r  the constant Oo f o r  lead does not depend on the energy of primary 

y-rays ( f ig .  1). It i s  obvious t h a t  i n  t h i s  case the constant A i s  proportional 
t o  the energy buildup fac tor .  

It can be shown t h a t  f o r  a plane unidirect ional  source lu6 

where BE i s  the energy buildup fac tor ;  k i s  the normalizing constant. Expression 

(2) makes it possible t o  determine any of the following three quant i t ies  from 
known quant i t ies :  A, Q0 or  BE. 

Investigations with double l aye r  ba r r i e r s  have shown t h a t  there  is  a d i f 
ference i n  the i n t e n s i t y  of scat tered rad ia t ion  when the  order of layer  posi t ion 
i n  the ba r r i e r  i s  changed. The var ia t ion  of the scat tered rad ia t ion  i n t e n s i t y  
logarithm I (0) i n  a double layer  ba r r i e r  for two source geometries with an i n i 
t i a l  energy of 0.411 MeV i s  shown i n  f igure  3. We can see from the f igure t h a t  
fo r  a plane unidirect ional  source (curves 3, 4) the  law expressed by (1)i s  re
tained i n  the case of a double layer  shielding, but the slope of the logarithmic 
l i n e s  changes when the order of layer  posi t ion i s  changed ( the thickness of each 
investigated mater ia l  l ayer  was taken equal t o  3 mean f r e e  paths) .  For a point 
source (curves 1, 2) re la t ionship  obtained i n  reference 2 i s  s a t i s f i e d  r a the r  
than the law given by (l), 

Ie =2n sin (3d8 I @ )  =ue-e/eli. (3) 

Figure 4 shows the angular var ia t ion  i n  the r e l a t i v e  difference AI(O)/Io0 

(I: i s  the in t ens i ty  of the nonscattered rad ia t ion) ,  when the grouping order of 

the layers  i s  changed. Although for a plane unid i rec t iona l  source the difference 
i n  in t ens i ty  is  almost independent of the angle 0, it has a maximum value a t  small 
angles f o r  the point  source. 



Figure 1. Exponential 
drop i n  i n t e n s i t y  of 
sca t te red  rad ia t ion  
per  u n i t  so l id  angle 
f o r  various y-quanta 
energies. 

Figure 3. In t ens i ty  of ra
d i a t ion  sca t te red  i n  double 
l aye r  b a r r i e r  f o r  po in t  (1, 
2) and plane (3, 4) source. 

Figure 2. Variation i n  
0exponent Oo as function 

of y-quanta energy EY 

f o r  d i f f e r e n t  materials. 

deQ 

Figure 4. Angular var ia t ion  of 
r e l a t i v e  difference i n  i n t e n s i t y  
of scat tered rad ia t ion  when order 
of l aye r  grouping i s  changed i n  
double l aye r  ba r r i e r ,  f o r  two 

*ul* source geometries: 1, 
point  i so t rop ic  source; 2, plane 
unid i rec t iona l  source. 
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Figure 5. Variation i n  d i f 
ference of buildup f ac to r s  
(B1-B2) as function of t o t a l  

double layer  ba r r i e r  thick
ness px f o r  i n i t i a l  y-ray 
energies,  with d i f f e r e n t  bar
r i e r  composition. 

The var ia t ion  i n  the difference of the energy buildup f ac to r s  as  a function 
of the t o t a l  b a r r i e r  thickness f o r  two i n i t i a l  y-rays energies  i s  sham i n  f igure
5.  W e  can see t h a t  t he  difference i n  the buildup f ac to r s  decreases a s  1217 
the  average atomic number of the composite b a r r i e r  increases  and a s  the energy 
of y-rays increases .  For y-rays with an energy of 2.76 MeV (Na24) we obtained 
a difference whose value does not depart  from the l i m i t s  of experimental e r r o r  
(k 10 percent) .  Qual i ta t ive ly  the same r e s u l t  i s  obtained i n  approximate 
calculat ions.  
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FIELD DOSES AND THE ANGULAR DISTRIBUTION OF 

GAMMA-RADIATION FROM THE SURFACE OF ISOTROPIC 

SOURCES AT THE BOUNDARY SEPARATING TWO MEDIA 


L. P. Kimel' 

I n  computing the f i e l d  doses from the surface i so t ropic  sources a t  /2l7
points  lying i n  the source plane a t  some distance from i t s  edge, it i s  necessary 
t o  take i n t o  account the presence of the boundary separating two media ( for  ex
ample, ea r th -a i r ) .  The presence of the separation boundary does not make it 
possible t o  apply d i r e c t l y  the known buildup f ac to r s  computed for  homogeneous 
i n f i n i t e  media, but it requires corrections i n  the computational equations which 
take i n t o  account the spec ia l  fea tures  associated with the propagation of sca t 
tered y-radiation i n  nonhomogeneous media. 

I n  the general case, when the media d i f f e r  r ad ica l ly  i n  t h e i r  atomic number 
and density, the determination of such a correct ion i s  ra ther  d i f f i c u l t :  it i s  
only possible t o  make an experimental determination or t o  carry out computations 
using the method of random t e s t s .  The correction f a c t o r  K f o r  various conditions 
has been determined i n  references 1-3. However, none of these works presents an 
ana lv t ica l  expression f o r  K. Meanwhile, i n  order t o  develop a computational 
equat ionfor the  boundary between two media produced by an extended surface source 
it i s  necessary t o  have an ana ly t ica l  expression f o r  the correction f ac to r  per
ta in ing  t o  a point source. I n  the case when the heterogeneous media are close 
i n  t h e i r  atomic number, but d i f f e r  i n  density,  some s implif icat ion of the der
iva t ion  i s  possible. As a r e s u l t  of this s implif icat ion it i s  possible t o  ob
t a i n  an ana ly t ica l  expression f o r  the correct ion fac tor ,  and the value of K 
computed by means of t h i s  expression agrees s a t i s f a c t o r i l y  w i t h  data  presented
i n  references 1-3. 

Let us consider a point i so t ropic  source lying on the surface of the ea r th  
and l e t  us determine the dose a t  the boundaries separating the ea r th  and the a i r .  
The ea r th  (medium 2) and a i r  (medium 1)may be looked upon a s  media with close 
atomic number,l but with a d i f f e ren t  density (e2  >> e l ) .  

Since the atomic numbers are  close and since the basic process of /218 
y-quanta in te rac t ion  with material  i n  t h e  energy range of 0.3-3.0 MeV is  a 
Compton sca t te r ing  process, it follows t h a t  

13, (p , .v , )  -- fi, (JI"S2), 

The media water-earth and water-air  may a lso  be considered t o  be close i n  atomic 
numbers. 

316 



where 13 i s  the  buildup f ac to r  f o r  i n f i n i t e  homogeneous media; xl, x2 i s  the 

dis tance from the  source t o  the tes t  point  i n  media 1 and 2, respectively; pl -

and p
2 

are  the  l i n e a r  attenuation coeff ic ients  i n  media 1 and 2, respectively. 

L e t  us assume t h a t  medium 2 i s  absent and t h a t  the  source i s  i n  an i n 
f i n i t e  medium 1. Then the  dose a t  some poin t  A, which i s  a t  a dis tance x from 
the source, may be determined from the expression 

where D
1, A 

i s  the  dose a t  the  same point A from a point  i so t ropic  source s i t 

uated i n  the i n f i n i t e  medium 1; D
1, 0 

i s  the dose a t  the poin t  A due t o  the p r i 

mary rad ia t ion  without taking i n t o  account a t tenuat ion;  DLP 
i s  the dose a t  

point ,  A from the secondary sca t te red  radiat ion.  It i s  easy t o  obtain the f o l 
lowing expression 

If w e  now assume t h a t  the lower semispace i s  a vacuum or an absolute black
body, the  dose from rad ia t ion  which has been sca t te red  only i n  the upper semi-
space w i l l  be one ha l f  of the t o t a l  dose produced by the sca t te red  radiat ion.  
Consequently 

I n  t h i s  consideration we do not take i n t o  account the var ia t ion  i n  the  dose 
due t o  rad ia t ion  which moves back and f o r t h  between the  upper and the lower sezi
space. However, the  va r i a t ion  i n  the  dose due t o  t h i s  e f f e c t  i s  small. 

By carrying out  the same reasoning we obtain the dose from radia t ion  which 
is  sca t te red  only i n  the  lower semispace, 

The t o t a l  dose a t  the  considered point  A from a point  source ly ing  a t  the 
boundary between the  e a r t h  and a i r  consis ts  of the sum of doses due t o  d i r e c t  
nonscattered radiat ion,  attenuated i n  medium 1, and the  sca t te red  r ad ia t ion  fro? 
media 1and 2. 



The correct ion f ac to r  K i s  determined as the  r a t i o  of the dose when two 
media are present  t o  the  dose at the  same point  i n  a homogeneous i n f i n i t e  media 
1: 

If D1,o = D2,O' then 

Let us consider a spec i f i c  case: 

A s  we can see, a t  very close distances from source, K >  1, i .e . ,  the  dose 
increases due t o  the en t ry  of rad ia t ion  sca t te red  i n  medium 2 i n t o  the detector .  

- x
( 2 )  x i s  la rge ,  i .e. ,  e ' 2  = o 

W e  note t h a t  expression (2) i s  applicable when the distances between /219
the source and the de tec tor  are  grea te r  than 0.5 m. When 

i .e . ,  a t  l a rge  dis tances  the dose a t  the boundary of separation i s  two times l e s s  
than the dose a t  the same point  i n  a homogeneous i n f i n i t e  medium. 

The values of correct ion f ac to r s  computed by means of expressions (1)and 
(2) agree wel l  with da ta  presented i n  references 1-3. 

By taking i n t o  account the correct ion fac tor ,  the  dose power from a point  
i so t ropic  source ly ing  on the boundary separating the two media a t  points which 
are  a l s o  s i tua ted  on the  separation boundary, but  a re  a t  a distance of approx
imately 0.5 meters from the source, may be described by the expression 



where m
0 

i s  the  a c t i v i t y  i n  gamma-equivalents of radium. If we know the  analyt

i c a l  expression f o r  the dose power from a point  source, taking i n t o  account the 
boundary condition, we can in tegra te  over the surface of the source and obtain 
the dose power value f o r  extended i so t ropic  sources a t  the boundary separating 
the two media. 

I n  addition t o  knowing the t o t a l  dose, it is  a l s o  important t o  know the 
angular energy d i s t r ibu t ion  a t  the detect ion point.  It i s  shown i n  reference 
4 t h a t  the experimental data presented i n  reference 5 on the angular d i s t r ibu t ion  
may be expressed by empirical  equations ( fo r  a given distance between the source 
and detector)  

(cMep= sr = s te rad ians)  

f o r  8 from 7.5 t o  90' and 

B (0)= 0.0:32. I 00 sr-1 

f o r  8 from 90 t o  180°, 

where 6 (8)i s  the contribution t o  the dose ( i n  percent of rad ia t ion  passing 
within the l i m i t s  of one so l id  angle i n  the d i rec t ion  8); 8 i s  the angle between 
the l i n e s  which jo in  the source and the  detector  and a selected d i rec t ion .  

W e  have establ ished t h a t  the expression of the form 

when the coeff ic ient  a i s  properly selected,  gives a good descr ipt ion of the 
angular rad ia t ion  dose d i s t r ibu t ion  f o r  arbi t rary distances and energies.  Within 
an accuracy which i s  su f f i c i en t  f o r  p rac t i ca l  computations, it may be assumed t h a t  
the angular d i s t r ibu t ion  of the dose i n  the l i m i t s  from 90 t o  180' ( r ea r  semispace) 
does not depend on the angle and i s  given by equation (3) when 9 = goo. It f o l 
lows from t h i s  t h a t  i f  the contribution t o  the dose from the r ea r  semispace i s  
known, we  can determine the  coef f ic ien t  a 

The contribution t o  the dose by the  energy scat tered behind the semispace
w i l l  be determined as  a quant i ty  proportional t o  the difference of the buildup 
f ac to r s  associated with i n f i n i t e  geometry and with ba r r i e r  geometry (without 
taking i n t o  account the multiple transmission of y-radiation between the r ea r  
space and the f r o n t  space). Consequently, 



-- 

H e r e  C i s  a correction f a c t o r  f o r  determining t h e  buildup f a c t o r  i n  /220
b a r r i e r  geometry (ref. 6) 

I:, ( X l x ' )  1C= 13 (s,0 0 ) - I  

where B (x,x) i s  the  buildup f a c t o r  for a b a r r i e r  of thickness x a t  depth x; 
B (x, a) i s  the buildup f a c t o r  f o r  an i n f i n i t e  medium a t  depth x. Subst i tut ing 
(4) i n t o  expression ( 5 ) ,  we obtain 

Q: 
1 .035( 1 -C) [ R..(x , m)-.1 ] 

2 x f j ( x ,  03) 

Consequently the  angular d i s t r i b u t i o n  may be wr i t t en  i n  the following f i n a l  
form 

6 (0)= 

The angular d i s t r ibu t ions  computed by means of equation (6) agreed wel l  with 

experimental values f o r  Co60 ( r e f .  5 )  and Au1g8 (ref .  7) and with data  obtained 
by the method of random tests f o r  hvo = 1 M e V  (ref. 8 ) .  If we  know the  expres
s ion  f o r  the angular d i s t r i b u t i o n  of the  dose from a poin t  i so t rop ic  source, we 
can use numerical in tegra t ion  t o  obtain the  angular d i s t r i b u t i o n  from extended 
surface sources. 

This work was carr ied out  under the  d i r ec t ion  of Professor 0. I. Ley-punskiy, 
t o  whom the  author expresses h i s  s incere  gra t i tude .  
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THE THREE-DIMENSIONAL DISTRIBUTION OF SCAEERED EZVEEGY 
FROM A POINT UNIDIRECTIONAL SOURCE 

L. P. Kimel' and 0. I. Leypunskiy 


A point unidirectional source is of interest, because its geometry /220
provides the initial basis for investigating the scattering of y-radiation from 
sources with any angular distribution. Such sources of y-radiation as a point 
isotropic source, a plane unidirectional source, sources with angular distribu

tion according to the law cos n0 and others may be considered to be made up of 
point unidirectional sources. Data on the scattering and absorption of 
y-radiation in media from sources with arbitrary angular distribution may be 
obtained by superposing data on scattering and absorption for point unidirec
tional sources. 

The problem of the three-dimensional distribution of scattered y-radiation 

from a point unidirectional source is considered theoretically in only one work 

(ref. l), which presents a method of solving the kinetic equation for a point 

unidirectional source. The numerical solution of the equations obtained re

quires a great deal of computations on high-speed electronic computers and has 

not been carried out to date. We investigated experimentally the three-

dimensional distribution of scattered y-radiation from a point unidirectional 

source. 


In the future (for the sake of brevity) the three-dimensional distribution 

of y-radiation from a point unidirectional source will be called "the expansion 

of a narrow beam." 


Experimental Setup and Measurement Methods 


"The expansion of a narrow beam" was investigated in a water phantom /22l 
with dhensions of 90 X 90 X 90 cm. A strongly collimated beam of y-quanta was 
directed perpendicular to the front wall of the phantom and entered the water 
at a point 45 cm from the edges of the phantom. The radiation source consisted 

of CsU7 with an activity of 0.43 g-equivof R a .  In water p
0 

= 0.083 cm-1, 
when hv

0 
= 0.7MeV, and consequently the beam of y-quanta was surrounded by 

water with a thickness of approximately 4 mean paths of the primary y-radiation. 




The thickness of the water layer in the direction of the beam was greater than 

seven mean free paths. 


When the scattered energy at points 45 cm away from the axis of the beam 
is measured (measurements at the boundary of the phantom), the error due to the 
finite size of the phantom may be quite substantial. On the other hand, at 
points which are situated closer to the axis and are approximately 10 cm from 
the edge of the phantom, the error due to the finite dimensions of the volume 
will apparently be negligibly small. This is clear from the following. The 
scattered radiation which arrives at the detection point from layer 3 (fig. 1) 
may be looked upon as the back-scattered y-radiation with respect to the radia
tion incident on layer 3 from layer 2. The back scattering is characterized by 
the value of the albedo. It is known that the value of the albedo for a spe

cific energy, reflection material and angle of incidence for the y-quanta is a 

function only of the reflector thickness. 


Table 1 shows the values of B(0, x)-l/B(O, -)-I, characterizing the amount 
of radiation reflected from a barrier of finite thickness B(0,  x), normalized 
with respect to the radiation reflected from a barrier of infinite thickness 
B(0, -) (ref. 2). 

We can see from table 1 that for an initial energy of 0.66 MeV and with a 

normal incidence of the y-quanta, the albedo for a mean free path of unity is 

less than the albedo from an infinite layer by only 12 percent. In our case 

the energy of the scattered radiation is substantially less than 0.66 MeV, and 

the scattered radiation falls on layer 3 at various angles from 0 to n/2. 

Consequently, when measurements are made at points which are not less than 

10 cm from the edge of the phantom, the phantom may be looked upon as an in

finite volume. 


x
k a J  

Figure 1. Geometry of experiment. 
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TABU3 1. THE QUANTITY B(0,  x)-l /B(O, =)-1 FOR W A T E R  AND Y-QUANTA 
WITH AN ENERGY OF 0.66 MeV AS A FUNCTION OF ANGLE 0.  

Barrier thickness in terms of the mean 

0" 
free paths, pox 

0.5 I 1 I 2 

0 0.65 o .88 0 -99 
60 0.81 0.96 1 .o 

The radiation detector consisted of a STS-5 halogen counter with filters 
(ref. 3 ) .  A scintillation detector incorporating an organic crystalofspheri
cal form and with a diameter of 10 mm was used for measurements in the direct 
beam together with a miniature SI-2BG counter. The readings of these de- /222 
tectors were normalized according to the readings of the halogen counter. The 
detector was fixed in a holder and could be displaced to any point in the 
volume of the phantom. The direction of the beam axis was determined in ad
vance. Measurements were made at points lying in a plane normal to the beam 
axis at distances of 6,12, 18,24, 30 and 36 cm from the source along the beam 
and at distances of 5, 7, 10, 15, 20 and 30 cm from the axis of the beam. 

When curves were read for the distribution of scattered energy it was 
noted that the form of the curve depends appreciably on the diameter of the 
collimator and on the geometric angle of beam expansion. Figures 2 and 3 show 
the ratio of detector readings in beams at distances of 0.5 p

0
x and 2 p

0
x from 

Figure 2. Ratio of detector readings as 
function of collimator dimeter for var

ious angles o (cs'37 source): I 
h = 12 cm; - - - - - -, h = 18 cm. 
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Figure 3 .  Ratio of detector readings as function of angle 8 
for different collimator diameters (h = 12 cm). 

the beam axis as a function collimator diameter D and the geometric angle 0 .  
This ratio increases with the collimator diameter and with the expansion angle. 
The nature of this increase becomes clear if we note that for large collimator 
diameters the points lying close to the axis are subject to radiation scattered 
in the collimator as well as to radiation scattered in water. The portion of 
energy which is scattered in the collimator and arrives at the detection point 
increases with the diameter of the collimating hole and the geometric beam ex
pansion angle. At a detection point which is far removed from the beam axis 
(more than 2 pox), the radiation which is scattered in the collimator does not 

fall on the detector. As a result of this the ratio of detector reading at 

points close to the beam axis increases with the diameter of the collimating 

opening. From the graphs presented it is clear that the effect of radiation 

scattered in the collimator will be small when the diameter of the collimator 

opening is less than 1 cm and when the beam expansion angle is less than 1' 

Therefore, all of the measurements on the "expansion of a narrow beam'' 1222 

were carried out with a collimator having an opening diameter of 5 mm and a 
geometric expansion of 50' (the collimator cut out a beam with a solid angle of 

2.4 x sr). 

Measurement Results 


Figure 4 shows the results of measuring the distribution of y-radiation 
scattered in water from a point unidirectional source. The experiment was car
ried out using an entry window diameter of 5 mm and a collimation angle of @ = 

5 0 ' .  The curves were recomputed for 1 cm2 . Two regions are clearly defined in 
the graph showing the distribution of scattered radiation: the initial region, 



- -  

Figure 4. Distribution of y-radiation scattered in water 


from point unidirectional csl37 source: , exper
imental value; - - - -, computed values. 

characterized by a sharp drop in the y-radiation flux, and a region of rela
tively smooth variation in flux with distance. The sharp drop in the flux /224 
along the first region is explained by the fact that as we move away from the 

axis of the beam the detector leaves the beam and records only the scattered 

radiation. The attenuation of the primary radiation along the beam axis takes 

place according to an exponential law. 




It is interesting to obtain an analytic expression for the distribution of 

energy scattered from a point unidirectional source. We can propose the follow

ing method for deriving such an expression. 


In reference 4 an infinite extended unidirectional source of y-quanta and a 

point detector are represented by an equivalent point unidirectional beam and 

an infinite detector. For a plane unidirectional beam we can write 


(pac = scat = scattered) 

where E is the energy at the considered point in MeV/cm2; B is a buildup factor 

(of energy) for a plane unidirectional source; h is the distance along the beam 


2axis in cm; Escat is the scattered energy at the considered point in MeV/cm . 
Proceeding from the equivalence noted above, the value of the energy Escat 


may be obtained by integration over an infinite plane of scattered energy dis

tribution from a point unidirectional source 


.Epnr--= \ C L  ((I, px) ds, 
S 

where L (a,px)  is the distribution function for the scattered energy over a 
plane situated at a depth h perpendicular to the incident flux of y-quanta for 
a point unidirectional source; C, a are constants which must be determined; ds 
is an element of the surface. 

From experimental curves for the distribution of scattered radiation we 
can see that L ( a ,  px) must be an exponential function or a similar function. A 
more detailed analysis of the distribution curves shows that the function 
L(a ,  px) is the King function. 

We write the constant C in the form C = TEoe-ph, where T is a new constant 

which is independent of x and whose dimensions are MeV/cm2 . 
In a polar system of coordinates ds = 2rrxdx, where x is the distance from 

the beam axis to the considered point. We rewrite expression (1) in the fol
lowing form 
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where @(a,px) is the King function. 

Solving equation (3)  with respect to 0,we obtain 

The constant T is selected so that it is equal to (from experimental 
curves) 

T=php*.  

Then a assumes the form 


Finally, if the energy of the point unidirect-mal source is equa to 
E MeV/sec, the distribution of the scattered radiation from a point unidirec
tionai source is described by the expression 

(4)  

Figure 4 shows the values of Escat computed by means of eqi zti n (4). /225 

The discrepancy between computed and experimental values does not exceed 10 

percent. The distribution of scattered energy computed by means of equation (4) 


coinrzides with the distribution obtained experimentally for Co60 (ref. 5 ) ,  if 
in the latter we take into account the radiation scattered in the collimator. 

The analytical expression for the three-dimensional distribution of 
scattered radiation from a point unidirectional source makes it possible to de
termine the buildup factor for a point isotropic source. In this case the 
point isotropic source is considered as consisting of individual "narrow beams.I' 

A calculation is carried out according to the following scheme. The con
tribution of the scattered radiation at point A (fig. 5) from y-radiation is 
determined over the solid angle dl2 under the angle 0.  This contribution is de
termined from the expression 



lower 

hemisphere7.1'. 


Figure 5. Computation diagram. 


The total quantity of scattered energy arriving at point A from the upper 
semispace is obtained by integrating expression ( 5 )  over the solid angle 2 m .  

The total energy recorded at point A by a spherical isotropic detector of 

unit cross section, is equal to 


(II = t = total) 

where f is a coefficient which takes into account the portion of scattered en
ergy arriving at the point from the lower semispace; for small values of ph, 
coefficient f is numerically equal to the albedo of the y-radiation from a 
point isotropic source lying on the surface of the reflector; for ph = 2, 
f = 0. 

The buildup factor is the ratio of the total energy recorded at point A to 


Eoc-P'r 
-__the energy of primary radiation, B = E n  I /Inti2 

. Noting that h (0)= h cos 0 

and x (0)= h sin 0,we obtain a final computational equation for the buildup 
factor from a point 'isotropicsource 

Table 2 presents the energy buildup factors for water and for point iso
tropic sources with y-quanta energies of 0.7 and 1.25 MeV, computed by means of 
equation (6)and obtained by extrapolating and interpolating the buildup /226 
factors taken from reference 6. 
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hv = 0.7 MeV hVo = 1.25 MeV
0 

bh Computations with Data from Computations with Data from 

equation 6 reference 6 equation 6 reference 6 


0.5 1.45 1.66 1-35 1.45 
1 2.22 2.34 2.06 2.o 
2 4.5 4.22 3.44 3.26 
4 11 10.2 6.76 6.5 
7 24 25 12.4 1 4  

As we can see, the discrepancy in the results computed by means of equa-' 
tion (6)and the interpolated data from reference 6 does not exceed 10 percent, 
which is within the accuracy associated with the determination of buildup fac
t o r s  in reference 6. 

The coincidence of buildup factors computed by means of equation (6)with 

buildup factors determined in reference 6 makes it possible for us to assume 

that the derived expression (4)gives a corrected description of the three-

dimensional distribution of scattered energy from a point unidirectional source. 
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THE DlFFERFNCE IN THE SPECTRA OF GAMMA-RAYS 
DURING RADIATION CAPTURE OF THERMAL NEUTRONS 
AND OF NEUTRONS W I T H  TEE REACTOR SPECTRUM 

A. T.  Bakov, S. P. Belov, Yu. A. Kazanskiy and V. I. Popov 

References 1-3 present the results of invest igat ing the  spec t ra  of /226 
y-rays during the  r ad ia t ion  capture of resonance neutrons. It i s  pointed out  i n  
these  works t h a t  the spectrum obtained d i f f e r s  from spec t ra  observed during the  
r ad ia t ion  capture of thermal neutrons. From the  standpoint of computing sh ie ld
ing, when taking i n t o  account t h e  captured y-radiation, it i s  of i n t e r e s t  t o  
e s t a b l i s h  the var ia t ion  i n  the spectrum of y-rays during r ad ia t ion  capture as a 
function of neutron energy. 

The present work presents the  r e s u l t s  of inves t iga t ing  the  spec t ra  of y
rays associated with the r ad ia t ion  capture of neutrons having the  uranium-water 
reac tor  spectrum of zero p o w e r  and f i l t e r e d  by boron carbide with a thickness 
of 4 cm (a density of 1 .2  g/cm3). The y-ray de tec tor  consisted of a s ing le  
c r y s t a l  s c i n t i l l a t i o n  spectrometer with a N a J  ( T l )  c r y s t a l  having a diameter 
of 40 mm and a height of 40 mm. The pulses were analyzed by a 128-channel am
p l i tude  analyzer (ref.  4 ) .  Evaluations showed t h a t  the spectrum of outgoing 
neutrons has a sharp drop below neutron energy of 100 e V .  Above an energy of 
2-3 MeV it i s  p r a c t i c a l l y  i d e n t i c a l  t o  the f i s s i o n  spectrum. For t h i s  neutron 
spectrum the capture i n  t e s t  materials ( i ron  and nickel)  takes place primarily 
i n  the region of energies above 100 keV ( i ron  60 percent, n icke l  70 percent) .  

The basic  d i f f i c u l t y  associated with measuring the y-ray spectrum of ra 
d i a t ion  capture by neutrons with the reac tor  spectrum i s  due t o  the  background 
y-rays which leave the  reac tor  and the  background formed when neutrons a re  
captured i n  the  iodine of t he  de tec tor  i t s e l f .  I n  order t o  reduce the back
ground a l aye r  of bismuth with a thickness of 9 em was placed over the  carbide-
boron filter, followed by a l aye r  of lead with a thickness of 8 cm and another 
l aye r  of bismuth with a thickness of 8.5 cm. I ron  and n icke l  samples (40 X 40 X 

3
2 cm ) were placed on the bismuth and a neutron sh ie ld  consisting of a mixture 
of Plexiglas and boron carbide w a s  placed over them ( f i g .  1). The y-ray de
t e c t o r  shielded with boron carbide was surrounded by a bismuth sh ie ld  with a 
thickness of 4 cm. When t h e  background rad ia t ion  was measured, the i ron  and 
n icke l  samples w e r e  replaced with a lead sample whose a rea  w a s  equal t o  the area 
of t h e  t es t  samples, while i t s  thickness w a s  se lected t o  provide f o r  an equivalent 
attenuation of y-rays with an energy of approximately 5 MeV. 
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Figure 1. Schematic representation of 
experimental se t  f o r  measuring the  y
rays during rad ia t ion  capture of neu
t rons  with reac tor  spectrum: 1, ac t ive  
zone of reactor ;  2, lead shielding; 3,
4, 5 and 6, neutron shielding consis t 
ing  of paraf f in ,  Plexiglas  and boron 
carbide; 7, sodium iodide c rys ta l ;  8, 
bismuth shielding f o r  detector; 9, t es t  
sample; 10, bismuth shielding f o r  re
actor ;  11, boron carbide shielding.  

Figure 2 shows the  equipment spectra  of amplitudes measured with J2r 
i r o n  and n icke l  samples and the background r ad ia t ion  measured with the lead 
sample. The measurements made with the  lead sample and without the sample showed 
t h a t  i n  the  region of y-ray energies  above 5 MeV there  i s  a small number of pulses 
(approximately 5 percent of the background r ad ia t ion ) ,  which are due t o  the cap
tu re  of neutrons i n  lead, whereas f o r  energies below 5 MeV the  amplitude spectra  
measured without the  sample have a l a r g e r  number of pulses compared with meas
urements made with the  lead samples; t h i s  i s  due t o  the  attenuation e f f e c t  of 
the  lead screen on y-rays leaving the reac tor  and on y-rays from the  rad ia t ion  
capture of neutrons i n  bismuth. 

The equipment spectrum of y-rays f o r  the  r ad ia t ion  capture of neutrons with 
the reac tor  spectrum were compared with analogous d i s t r ibu t ions  during the  r a 
d i a t ion  capture of thermal neutrons. The geometric conditions of experiments 
with thermal neutrons were analogous t o  the experimental conditions with neu
t rons  having the  reac tor  spectrum. I n  t h i s  case p a r t  of t he  neutron sh ie ld icg  
( f ig .  1)was replaced by pa ra f f in  blocks of equivalent dimensions with the sample 
ins ide .  I n  t h i s  case the  cadmium r a t i o  a t  the poin t  where the samples were s i t 

uated turned out  t o  be equal t o  30 f o r  the  reac t ion  Cu65 (n, y) C U ~ ~ .The energy 
sca le  of tbe spectrometer w a s  controlled by means of y-rays from a Po-a-Be (Ev = 
4.47 MeV) before and a f t e r  each measurement. 
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Figure 2. Equipment spectra  of amplitudes 
(+ +), measured with nickel  (a) ,  i ron  (b)  
samples and equipment spectrum of bask-
ground rad ia t ion  (. 0 .), measured with 
lead sample. (Data normalized with r e 
s p e c t  t o  one reac tor  power and with re 
spect t o  same measurement time. ) 

Figure 3 presents the equipment spectra  (normalized f o r  E = 6.5 MeV) of 
y-rays associated with the  rad ia t ion  capture of thermal neutrons and of neutrons 
with the reactor  spectrum i n  nickel .  The equipment spectrum of pulses due t o  
the y-ray associated with the  rad ia t ion  capture of thermal neutrons i n  nickel  
c l ea r ly  shows m a x i m a  a t  energies of 9.0, 8.5, approximately 7.5, and 6.8 MeV, 
which correspond t o  the most intense l i n e s  es tabl ished from invest igat ions with 
a magnetic spectrometer (ref. 5 ) .  I n  the equipment spectrum of amplitudes, 
obtained during the capture of neutrons with the reac tor  spectrum, a /228 
re la t ive  increase i n  the number of y-quanta with an energy of E < 5 MeV i s  ob
served. Y 

Figure 4 presents the equipment amplitude spectra  due t o  the  y-rays as
sociated with the rad ia t ion  capture of thermal neutrons and of neutrons with 
the reac tor  spectrum i n  i ron .  The d i s t r ibu t ions  a re  normalized f o r  amplitudes 
corresponding t o  the  y-ray energy of 7 MeV. During the capture of thermal neutrons 
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Figure 3. Equipment ampli
tude spectra  due t o  y-radi
a t ion  of thermal neutron 
capture i n  n icke l  (-) 
and of neutrons with reac
t o r  spectrum i n  n icke l  
(0 0 ) .  (Distr ibut ions 
normalized f o r  energy of 
6.5 MeV.) 
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Figure 4. Equipment amplitude 
spectra  due t o  y-radiation as
sociated with capture of thermal 
neutrons (-) and of neutrons 
with reac tor  spectrum i n  i r o n  
( 0  0 0 ) .  (Dis t r ibu t ions  nor
malized f o r  energy of 7 MeV.) 

there  a re  c l ea r ly  defined peaks which correspond t o  the  y- t rans i t ions  with en

e rg ie s  of 7.6, 5.9 and 4.5 MeV i n  Fe57 a s  wel l  as  an unresolved d i s t r i b u t i o n  
above y-ray energy of 7.5 MeV, which i s  associated with r ad ia t ion  t r ans i t i ons  

i n  Fe55 and Fe58 (ref. 5 ) .  The equipment amplitude spectrum obtained during 
the  capture of neutrons with the reac tor  spectrum i s  shown as  subs t an t i a l ly  
deformed: there  i s  a r e l a t i v e  increase i n  the  number of y-quanta with energies 
g rea t e r  than 7.5 MeV. The equipment amplitude spec t ra  measured during the cap
t u r e  of thermal neutrons have small s t a t i s t i c a l  e r ro r s ,  because the background 
d i s t r ibu t ion  of pulses i s  an in s ign i f i can t  p a r t  o f  t he  e f f e c t .  When neutrons 
with the  reac tor  spectrum are  captured, the equipment spectrum of y-rays, par
t i c u l a r l y  i n  the  energy range below 5 MeV, may contain subs t an t i a l  e r r o r s  (15
30 percent)due t o  the f a c t  t h a t  the subt rac t ion  of the  background pulse d i s t r i 
bution i s  not e n t i r e l y  accurate. 

The established var ia t ions  i n  the  spectra  of y-rays associated with the 
r ad ia t ion  capture of resonant and f a s t  neutrons can be explained a s  being: 

(1) due t o  the  var ia t ion  i n  the  cross sec t ions  of r ad ia t ion  capture of 
individual  isotopes i n  a na tura l  mixture when the neutron energy increases .  A 
pa r t i cu la r ly  pronounced va r i a t ion  i n  cross  sect ions may occur when even-odd 
isotopes are  present i n  noticeable quant i t ies ,  whose r ad ia t ion  capture cross 
sect ions f o r  f a s t  neutrons may be 5-15 t i m e s  g r ea t e r  than the  cross sect ions of 
even-even cross sect ions (ref. 6); 
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(2) due t o  the var ia t ion i n  form of the y-ray spectrum associated with radi
a t ion  capture as  a function of the o r b i t a l  moment introduced in to  the  nucleus by 
the neutron. A s  the neutron energy increases,  the probabi l i ty  of neutron rad i 
a t ion  capture with moment tn, which d i f f e r s  from 0, w i l l  increase.  This may i n  

tu rn  a f f ec t  the nature of probabi l i ty  red is t r lbu t ion  f o r  y- t ransi t ions;  

(3) due t o  the change i n  the  r a t i o  between the capture cross sect ions as
sociated with d i r e c t  process and with processes involving the  formation of a com
pound nucleus a s  a function of neutron energy. This may a l so  lead t o  a ehange 
i n  the spectrum of y-rays associated wit-h rad ia t ion  capture. 

A t  the t i m e  our work was completed, an a r t i c l e  was published (ref. 7) re
porting the r e s u l t s  of invest igat ing the spectrum of y-rays during the capture 
of neutrons with an energy of 100 keV i n  nickel.  The general  nature of spectrum 
variat ion compared with the capture of thermal neutrons i s  analogous t o  the data  
w e  have presented. 

The measurements carried out i n  the present work, i n  sp i t e  of t h e i r  /229
qual i ta t ive  nature, show conclusively t h a t  the number of captured y-quanta with 
energy greater  than 6-7 MeV per neutron capture i n  the thermal and f a s t  region i s  
d i f fe ren t .  I f  we assume t h a t  the var ia t ion of spectra i s  associated with the re
d is t r ibu t ion  of r a t i o s  f o r  the i so t ropic  captured cross sections,  then i n  the case 
of i ron  the in t ens i ty  of y-quanta with energy grea te r  than 7.5 MeV increases by a 
fac tor  of 3-4 compared with the  case of thermal neutron capture, whereas f o r  nickel  
it decreases approximately by a f ac to r  of 1.3. 

I n  conclusion the author takes t h i s  occasion t o  express h i s  deep gra'citude 
t o  I. 1. Bondarenko f o r  valuable remarks made i n  the course of the measurements. 
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TRANSMISSION OF GAMMA-RADIATION THROUGH A FLAT SLIT IN 

SHImDING 


A .  P. Veselkin, Yu. A. Yegorov and Y e .  A. Panov 

Recently a g rea t  dea l  of  a t t en t ion  has been devoted t o  the  problem of /229 
r ad ia t ion  penetration through s l i t s  and heterogeneities i n  the  shielding, be
cause both s l i t s  and heterogeneities may be sources of  strong rad ia t ion  leakage 
and may impair shielding.  The weakening of shielding by s l i t s  and hetero
genei t ies  lends i tself  t o  computation only i n  a l imi ted  number o f  cases. The 
ex i s t ing  equations and approaches f o r  computing t h e  penetration of rad ia t ion  
through s l i t s  and hollows are appl icable  only when adopted l imi t a t ions  are 
s a t i s f i e d  ( r e f s .  1 and 2 )  and do not, i n  any case, cover the  e n t i r e  d ive r s i ty  
of s l i t  shapes ( re f .  3 )  and hollow forms. From t h i s  it is c l ea r  t h a t  the  ex
perimental inves t iga t ion  of a decrease i n  shielding due t o  s l i t s  and hetero
genei t ies  i s  of great s ign i f icance .  

The source of y-radiation consisted of a l i n e a r  i so t rop ic  Co60 source, 
which w a s  simulated by the  forward motion of a point  i so t rop ic  source ( f igs .  
1 and 2 ) .  The dose power w a s  measured by means of a s c i n t i l l a t i o n  y-dosimeter 
"without hard operation" ( re f .  4 ) .  The ex terna l  view of t he  dosimeter s e n - / 2 3  
sor  i s  shown i n  f igure  3. The shielding w a s  placed between the source and the  
dosimeter ( f i g .  4 ) .  The dosimeter reading w a s  automatically recorded on chart  
paper by means of the  EFP-09 device; t he  motion of t h e  char t  paper w a s  syn
chroni'zed with the  displacement of t he  source. A spec ia l  c i r c u i t  w a s  used 
t o  tu rn  on the  motor. Figure 5 shows an example of  a recording obtained when 
the  dosimeter sensor w a s  placed opposite the  s l i t .  With t h i s  d i s t r ibu t ion  the  
area i s  proportional t o  the  dose power a t  the  point  where t h e  sensor i s  placed. 
The dose power over a length  of 160 mm along the shielding i n  the  d i r ec t ion  
perpendicular t o  the  s l i t  w a s  measured i n  the  course of the  experiment. 

I n  the  experiment the  va r i a t ion  i n  the  dose power behind the shielding 
with the  s l i t  w a s  measured as a function of the  proper t ies  of material f i l l i n g  
the  s l i t  and as a function of the  shielding material. The shielding material 
consisted of lead and i ron,  whereas s t e e l ,  titanium, aluminum, carbon (graphi te  
with a dens i ty  of 1.65 g/cm3 and Plexiglas  were used t o  f i l l  the s l i t .  The 
shielding thickness i n  a l l  of the  measurements w a s  120 m, and t h e  height of 
the  s l i t  w a s  20 mm. The lead  shielding w a s  assembled from bricks i n t e r l a i d  with 
t h i n  lead  sheets  t o  eliminate the assembly gaps. The steel  shielding w a s  as
sembled from two steel prisms. 

Figure 6 shows the  d i s t r ibu t ion  of the  y-dose behind t h e  lead, obtained i n  
t he  experiments, f o r  a l l  of the  materials used t o  f i l l  the  s l i t .  The d i s t r ibu t ions  



Figure 1. Schematic drawing showing arrangement 
f o r  displacing source: 1, guideposts; 2, rack & 
source; 3, bracket; 4, bearing; 3, SD-2 motor; 
6 and 7, pulleys; 8, shaf t ;  9, spool; 10, arma
t u r e  of electromagnetic c lutch;  11, elec t ro
magnet; 12, stand; 13, end switch. 

were obtained i n  the  form of bell-shaped curves whose maximum appears opposite 
the  middle of t he  s l i t .  A s  w a s  t o  be expected, the dose power behind the 
shielding increases sharply as t h e  spec i f i c  weight of the  material  f i l l i n g  the  
s l i t  decreases. Thus, when steel  i s  replaced with aluminum, the  dose power 
opposite the  center  of t he  s l i t  increases by a f ac to r  of 6.5 .  In addition t o  
the  increase i n  the  dose power, d i r e c t l y  i n  f ron t  of the  s l i t  we observed a 
widening of the  d i s t r ibu t ion  curves f o r  t he  y-dose with a decrease i n  the  spe
c i f i c  weight of the material f i l l i n g  the s l i t .  Apparently t h i s  phenomenon i s  
associated with an increase i n  oblique leakage paths, i . e . ,  a decrease i n  the  
spec i f i c  weight of the  s l i t  material weakens the  shielding not only f o r  the/232 
y-quanta of the  source, which f a l l  perpendicular t o  the  shielding, but a l so  
for y-quanta which fa l l  on the  shielding a t  some angle. This i s  confirmed t o  
some exten t  by the  f a c t  t h a t  t he  increase i n  the  dose power behind the  shield
ing occurs not only d i r e c t l y  i n  f r o n t  of  the  s l i t ,  but a l s o  i n  f r o n t  of sh ie ld
ing pa r t s  near  t h e  s l i t .  In t h i s  case the  s l i t  boundary passes approximately 
opposite the half-height of the  d i s t r ibu t ion  curve. 

To c l a r i f y  c e r t a i n  l a w s  w e  introduce the  concept of spec i f i c  dose, i .e. ,  
the  dose per  u n i t  length behind the  shielding, 
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where Ds i s  the  i n t e g r a l  value of the y-radiat ion dose behind the  shielding with 

the slit;  1 i s  the  dis tance along the  shielding where the  dose i s  measured. 

The quantity Ds i s  determined by the area under the  dose d i s t r ibu t ion  curve 

behind the  shielding ( f i g .  5 ) .  The decrease i n  the  shielding may be determined 
from the r a t i o  D1/D, where D i s  the spec i f ic  dose behind the continuous shield

ing. It i s  na tura l  t h a t  a s  the spec i f i c  weight of the mater ia l  f i l l i n g  the  s l i t  
decreases, the  reduction of shielding due t o  the  presence of the s l i t  increases.  
To compare the extent  of decrease f o r  various materials f i l l i n g  the s l i t ,  a 
graph shown i n  f igure  7 has been constructed.  The r a t i o  D1/D i s  p lo t ted  along 
the  ax is  of the ordinates,  and the densi ty  of the mater ia l  f i l l i n g  the s l i t  8 

i n  g/cm3 i s  p lo t ted  along the ax is  of the abscissas .  Some spread i n  the points  

Figure 2. External view of Figure 3. External view of 
setup for displacing source. spectrometer sensor on ver

t i c a l l y  adjustable stand. 



Figure 4. Mutual arrangement Figure 5 .  Record-

of source, sensor and shield- ing on chart  paper 

ing: s, source; D, detector ;  of EPP-09 device. 

T, shielding thickness;  L, 

s l i t  height.  


near the  s t ra ight  l i n e  i s  explained by the f a c t  t h a t  when the s l i t  material  i s  
replaced it i s  not possible t o  reproduce exact ly  the posit ion of the lead 
br icks .  

The result obtained makes it possible t o  determine the extent  of /233
shielding decrease by a s l i t  when it i s  f i l l e d  with any material, i f  we know 
the dose behind the  so l id  shielding and behind the  shielding with a s l i t  f o r  
some one s l i t  material. A s t r a i g h t  l i n e  f o r  steel  shielding ( f i g .  7, curve 2) 
w a s  constructed i n  precisely t h i s  manner. The spec i f ic  dose behind the  so l id  
shielding and the  spec i f ic  dose behind the  shielding with a s l i t  f i l l e d  with 
titanium w a s  measured experimentally. For t h i s  re la t ionship the  d i s t r ibu t ion  
q / D w a s  a l so  normalized t o  uni ty  f o r  a so l id  s t e e l  shielding. If d i s t r ibu t ion  
2 i s  normalized a t  the  point Fe t o  d is t r ibu t ions  1, w e  can see t h a t  the d i s 
t r ibu t ion  of shielding decrease f o r  the case of  s t e e l  w i l l  i n t e r sec t  the ax is  
of the ordinates above d i s t r ibu t ion  1. This was t o  be expected. 

Comparing the  slopes of s t r a i g h t  l i n e s  1 and 2 ( f i g .  7), w e  can conclude 
t h a t  as the  shielding mater ia l  becomes l i g h t e r ,  there i s  a more pronounced 
var ia t ion i n  the degree of shielding decrease produced by a s l i t  as the spe
c i f i c  w e i g h t  of  the  material f i l l i n g  the  s l i t  decreases. 

It i s  in t e re s t ing  t o  note t h a t  i f  the  p axis  i s  replaced with the  @ / e ,  
axis,  where e i s  the  spec i f i c  w e i g h t  of the  shielding m a t e r i a l ,  the  point,  
obtained f o r  the s l i t  i n  a steel  shielding ( the  material  f i l l i n g  the  s l i t  i s  
t i tanium), falls  on the  same straight l i n e  which contains the  points  obtained 
f o r  other  materials f i l l i n g  the  s l i t  i n  a lead  sh ie ld  ( f i g .  8). Consequently, 
we may assume t h a t  i n  terms of the  Dl/D and e / p ,  coordinates the  s t r a i g h t  l i n e s  

merge in to  one. However, t h i s  assumption must be ver i f ied  by addi t ional  ex
periments. 
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Height of s l i t ,  cm 

Figure 6. Distr ibut ion of y-dose behind lead shield
ing with s l i t  made of steel ( 5 ) ;  of t i tanium (4 ) ;  of 
alumhum ( 3); of carbon (2) ;  of  Plexiglas (1). 

The results of t he  experiment w e r e  compared with the  calculat ions of the 
extent  t o  which the  shielding i s  weakened by the s l i t ,  using the methodology 
proposed i n  reference 1. The calculat ions were car r ied  out i n  the following 
manner. The dose power due t o  the y-radiation of a l i n e a r  i so t ropic  source, 
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Figure 7. Extent of decrease 
Dl/D i n  shielding produced by 

s l i t  as function of s l i t  mate
r i a l  spec i f i c  weight: 1, lead 
shielding; 2, steel shielding; 
0 ,  computed values f o r  steel, 
concrete and w a t e r  ; P, plexi
@as; C, graphite ( e  = 1.6 

d-3) ' 

Figure 8. Extent of 
decrease D1/D i n  shield

ing produced by s l i t  as 
function of r a t i o  p/el: 

P, Plexiglas;  C, graphite.  

which has passed through a continuous lead shielding, w a s  determined a t  the 
point where the  detector  is  s i tua ted  by means of the  following equation 

where q i s  the  spec i f ic  a c t i v i t y  of the  source; K
Y 

i s  the y-constant; L i s  the 

I 	 shielding thickness; a is  the  distance from the  detector  t o  the  source along 
the  s t r a igh t  l i n e ;  CL i s  the  coef f ic ien t  of the l i n e a r  a t tenuat ion of y-radiation 
by the shielding; 0 i s  the  angle between the  normal and the  straight l i n e  drawn 
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from the detector  t o  the element A 1  of the source; F+ i s  the  energy of the 

source y-quanta; B(pLsecO, EY ) i s  the buildup f ac to r  wr i t ten  i n  the  form of two 

exponential t e r m s :  

H e r e  CY1, cy A1, A2 
are coef f ic ien ts  obtained from t ab le s  presented i n  ref

2' 
erence 1. 

The dose power f o r  a so l id  shielding of steel, concrete ( e  = 2.3 metric 
tons/m3 and w a t e r  w a s  computed i n  exact ly  the same manner. The dose power 
behind the  so l id  shielding w a s  g rea te r  than the dose power behind the lead 
shielding by a fac tor  of 42 ( f o r  steel) ,  by a f ac to r  of 580 ( f o r  concrete) and 
by a f ac to r  of 1150 ( f o r  water). 

Assuming t h a t  these materials are used t o  f i l l  the  s l i t  i n  lead  shielding 
and introducing a correction f o r  the  decrease i n  the  shielding due t o  the  s l i t ,  
expressed i n  the  form 

and equal t o  1/12 i n  our case ( @i s  the  f lux  of y-quanta a t  the  output from the 
s l i t ;  @ g i s t h ef l u x  of y-quanta a t  the entrance t o  the  s l i t ) ,  we can e s t ab l i sh  
the  extent  of weakening i n  the shielding produced by a s l i t  f i l l e d  with each 
of the  enumerated mater ia ls .  Taking t h i s  correction in to  account, the r e l a t i v e  
excess of dose power behind the shielding with a s l i t  over the dose power be
hind a so l id  lead shielding w a s  equal t o  3.5 ( f o r  s teel) ,  48 ( f o r  concrete) and 
96 ( f o r  water). 

If we p lo t  the  values obtained f o r  (D1/D) calculated i n  figure 7, we can 

see t h a t  they also f a l l  on the  s t r a igh t  l i n e  1. A comparison of experimental 
data  with computed data  has shown t h a t  the  correct ion f o r  the decrease i n  
shielding produced by the  s l i t ,  as proposed i n  reference 1, produces results 
which coincide with the  results of our experiment within the l i m i t  of error .  
Consequently the  computation of shielding weakening produced by a f l a t  s l i t  
composed of various materials and f o r  various shielding materials may be /234
car r ied  out with t h i s  method. 
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HEAT LIBEEATION IN REACTOR SCREENS AND VESSELS 

D. L. Broder, A . P .  Kondrashov, V. A. Naumov, 
K. K. Popkov and A. V. Turusova 

Introduction 


As we know,a substantial amount of energy (approximately 30 MeV for /234
each act of fission) is liberated inside and outside the active zone due to long 
mean free path radiations (y-quanta and neutrons). The energy of neutrons and 
of y-radiation which is lost due to interaction with material surrounding the 
active zone produces an increase in temperature. 

Of particular concern to designers is the radiation heat liberation in 
vessels of water-moderated reactors which, in addition to these thermal loads, 
also experience a static loading due to pressure. The following long chain of 
physical processes must be taken into account when computing heat liberation: 
the origin of neutrons and y-rays, the moderation absorption of neutrons with 
the formation of capture y-radiation, the scattering and absorption of y-rays, 
the formation of secondary electrons, etc. Therefore, even if we have a cor
rect physical description of these processes, the accuracy associated with the 
calculation of heat liberation will depend on a large number of factors. In 
particular, such factors include the yield of y-rays during the fission act as 
well as their spectra, the interaction cross sections for neutrons and others; 
some of these factors are not known with a sufficient degree of accuracy. Under 
these conditions the experimental verification of the method used to compute 
heat liberation becomes particularly important. The present work is an effort 
to substantiate the validity of the applied computation methods. 

Methods of Computation 


The following processes are taken into account during the computation of 

heat liberation: 


(1) the y-radiation of the active reactor zone; 


(2) the capture y-radiation occurring in the adjacent structural and 

shielding materials (thermal screens, reactor vessel, water between the screens); 


(3)  CY particles of the BIO (n, cu)Li7 reactions (for screens made of boron 
steel). 
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Other processes, such as the y-radiation due to the inelastic scattering of 
fast neutrons, were not taken into account in the calculations, because they in
troduce an insignificant contribution to the value of the total heat liberation. 
Thus the value of specific heat liberation Q was determined as the sum 

where Q
Y 
and Q 

cy 
are the y- and a-components of heat liberation, respectively; 

1, if the computation point is in a boron-containing screen;
6 =  { 0, if the computation point is in a screen made of conventional steel. 

The calculation of the y-component of heat liberation Q is reduced to the 

Y 

determination of scalar y-radiation fluxes of various energies cp . 
Y 

In this case the quantity Q
Y
(r) at the point r is given by the ex- &pression 

where (E, r)dE is the scalar energy flux of y-radiation in the interval E to 

Y 


E + dE at point r; p (E, r) is the linear absorption coefficient for the energ7en 
of y-quanta with energy E at point r; k is a coefficient which is determined by 
the dimensions of quantities contained in expression (2), 

In the present calculation, integration was replaced by summation over 
several energy groups of y-quanta. The following eight energy groups were taken 
for the calculation: 0-0.5;0.5-1; 1-2;2-3 ;  3-4; 4-5; 5-7;> 7 MeV. 

In this case 


where E is the average energy of the energy group j; cp (1") is the scalar flux 
j y j  

of y-radiation pertaining to energy group j from all types of sources at point r. 


Quantity cp
Yj 

(r) was determined as the sum 
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(p.?~(r)= cp;j (r) -i- cp"Y I.(r)  -I- (r) i-( ~ 1 : ~  (r) 4(p;,j (r), (4) 

where cp a (r)' is the flux of y-radiation arriving at point r from the active zone;
v j  

'PV is the flux of y-radiation due to neutron capture in screens and in the re-
C
actor vesselexcludingthe screen which contains the computation point; qy is the 

flux of y-radiation associated with the radiation capture of neutrons in the vol


ume of the screen containing the computation point; (p" is the flux of y-radiation
Y 

due to the capture of neutrons in the water filling the space between the 
e is the flux of y-radiation capture from water outside the reactor

cpY 


vessel. 


Since the dimensions of the active zone are greater than the thickness of 

the screens, the calculationsoffluxes were carried out using plane geometry. 


a
The quantity 
Y 
was computed by taking into account the radial nonuniformity in 


the specific power of y-radiation sources contained in the volume of the active 
zone. The active zone was approximated as an infinite radiating layer assuming 
that the distribution function of sources sr is constant over the thickness ofthe layer 1/Vaz, 


(a.3 = az = active zone) 

where H is the height of the active zone. 


where p is the linear attenuation coefficient of y-radiation for the material az 
of the active zone; p.xi is the thickness of the shielding layers in terms of 


i = 


'In the future for the sake of simplicity we shall drop subscript j and shall 
not indicate coordinate r. 
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relaxation lengths within the space between the surface of the source and the 

point where heat liberation is calculated. 


Equation (5) utilized the energy buildup factor for the scattered y-radi

ation in its exponential approximation (ref. 2) 


B ( p x )= E ,,I; e - @ x t l i ( E ) m  

3- i 

The quantity qb is made up of y-quanta fluxes originating in various /236Y 
screens. Therefore 

bwhere Cp
Yk 

is the flux of y-quanta due to neutron capture in the k-th screen. 

The distribution functions for the capture y-radiation sources across the 
bthickness of the k-th screen q
Yk 

(x) were approximated as follows: 


(a) by a constant (for thin steel screens) 


where d is the thickness of the source layer; in this case the following equation 

was used (ref. 1) 


where pFe is the linear attenuation coefficient of y-radiation for iron; 


(b) by two exponents (boron-containing screens and reactor vessel) 
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In  this case we have 

where pS 
is the linear coefficient of y-ray absorption in the source screen ma

terial. 

The value of the flux cp 
C fo r  the screens with constant source /237- Y 

C C
distribution qY (XI = 

Y 
was computed by means of equation 

where x is the distance of the point where heat liberation was computed from the 

layer surface. 


For a screen with an exponentid distribution of source power 
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where 

dThe quantity cpV is the sum of y-quanta fluxes or iginat ing i n  various layers  of 

i n t e r  screen w a t e r ,  

The computation of ‘pd w a s  ca r r ied  out  without taking in to  account the absorp-
Yk 

t i on  of  y-radiat ion inside the  l aye r  ( t h i s  assumption may be made fo r  t h i n  
layers  when pS d < 2) ,  therefore  

eThe f l u x  cp of capture y-radiat ion from w a t e r  contained outside the reactor  
Y 

vessel w a s  computed by assuming an exponential approximation f o r  the y-ray 
sources 

q ( x )=qoe-x*. 

I n  connection with t h i s  

The computation of the  q-component of heat  l i be ra t ion  $I w a s  car r ied  out :.:ith 
the equation 

7 
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CY
where nvj 

( r )  i s  the  f l u x  of neutrons of energy group j a t  point r; c .  i s  theJ 

macroscopic cross sect ion of the  react ion BIO (n, C Y )  L i 7  f o r  neutrons of energy 
group j ;  E& = 2.31 MeV i s  the  e f f ec t ive  energy of t he  @-part ic le .  

The three-dimensional energy d i s t r ibu t ion  of neutron f luxes necessary /238 
f o r  t he  computation of rad ia t ion  sources f o r  d i s t r ibu t ion  functions may be 
obtained by means of the multiple group methods described i n  reference 3. The 
experimental bas i s  f o r  the  multiple group methods i n  reference 3 i s  a de f in i t e  
guarantee t h a t  the  computation of y-ray sources i s  correct ,  as w e l l  as the com
putat ion of heat  l i be ra t ion  sources due t o  the  react ion B10 (n, CU) L i 7 .  I n  the 
present work an e f f o r t  i s  made t o  show t h a t  t he  calculat ion of the  y-component 
o f  heat l i be ra t ion  % may be car r ied  out with an accuracy su f f i c i en t  f o r  engi

neering purposes when the sources are cor rec t ly  determined. 

The Method of Measurements 

Two methods f o r  the experimental determination of heat l i be ra t ion  pro
duced by rad ia t ion  are known. The f i r s t  method i s  calorimetric and consis ts  
of a d i r e c t  measurement t o  determine the heating of the  medium. However, t h i s  
method i s  useful only f o r  measuring la rge  heat l i be ra t ion  i n  intense radiat ion 
fluxes. The other  method which w a s  used by us i s  the  ionizat ion method, which 
has high s e n s i t i v i t y  and which makes it possible t o  measure s m a l l  values of 
heat  l i be ra t ion .  The se lec t ion  of  t h i s  method w a s  d ic ta ted  by the f a c t  t h a t  
measurements were made using c r i t i c a l  reactor  assemblies of zero power, where 
the  calorimetric measurements are p rac t i ca l ly  impossible. It w a s  shown i n  
reference 4 t h a t  measurements made by both methods agreed t o  within 5 percent. 
We u t i l i z e d  an ionizat ion chamber of the capacity type for the detectors .  

The ionizat ion of the gas cavity of the chamber under de f in i t e  conditions 
( the  Gray conditions, reference 5 )  may be associated with heat l i be ra t ion  i n  
the  medium surrounding t h i s  cavity.  The Gray conditions are concerned with the 
spectrum of secondary electrons and consis t  of the following. 

If the  dimensions of  a so l id  medium exceed the  maximum path of e lectrons 
formed during the  in te rac t ion  of y-rays with matter, and i f  t he  dimensions of 
t he  gas cavi ty  are less than the  minimum electron path, then the  gas i n  the  
cavi ty  w i l l  not perturb the  veloci ty  d i s t r ibu t ion  of secondary electrons.  Then 
the loss  of energy i n  the s o l i d  medium (heat  l i be ra t ion )  q and the energy loss  
i n  the  gas cavi ty  are associated by the  Gray relat ionship 

dEwhere (--> i s  the e lec t ron  energy l o s s  per un i t  path length i n  a solid 
dx so l id  

medium or the  re tardat ion capacity; j i s  the number of ion pa i r s  formed i n  a 
V 



u n i t  volume of gas during 1 sec; W i s  the  average quantity of energy which i s  
consumed t o  form ion  p a i r s  i n  the  gas. 

If w e  note t h a t  t he  re ta rda t ion  capaci t ies  are proportional t o  the  number 
of electrons,  we obtain t h e  following equation f o r  heat  l i be ra t ion  

Nsolid 
q =  j VW N f , 

gas 

where Nsolid’ N gas is  the  number of e lectrons i n  1 cm3 of the s o l i d  medium and 

of the  gas, respectively; f is  the r a t i o  of re tardat ion capaci t ies  f o r  s o l i d  
and gaseous media (per  e lec t ron) ,  given by the  Gaytler expression ( ref .  6 )  
and which, i n  addition t o  e lec t ron  energy, depends only on the  poten t ia l  of the  
ionized atom. 

The ionizat ion poten t ia l  depends very weakly on Z. For example, f o r  Fe, 
Al and Be the values of f are equal, respectively,  t o  0.84, 0.94 and 1.04 when 
f = 1 for  a i r .  As we can see from expression (15), the  accuracy of the method 
i s  determined by the accuracy i n  determining the quant i t ies  W and f and a l so  on 
the effect iveness  o f  ion co l lec t ion .  The number of ions formed i n  1 cm3 of the  
gas cavi ty  during 1 sec may be computed from the obvious relat ionship 

where bU i s  the  var ia t ion of the  chamber poten t ia l  during the i r r ad ia t ion  /239
t i m e  t (sec) ;  c ~ ,Cd, are the capaci t ies  of the chamber and of the measuring 

devices i n  pF; e i s  the e lec t ron  charge i n  Coulombs; V i s  the  chamber volume 
C 

i n  cm3. 

Thus w e  have 
medium 

Measurements 

the f i n a l  expression fo r  heat  l i be ra t ion  i n  1 cm3 of  the  

Nsolid.L Au + ‘d) 
q = W f  e

‘gas 

of heat ‘ l ibera t ion  w e r e  car r ied  out i n  assemblies which simu

tVC 

l a t e d  typ ica l  thermal shielding of a water-moderated reactor  with zero power 
as t h e  rad ia t ion  source. These assemblies are described i n  reference 3. In  
order t o  measure heat l i be ra t ion  i n  steel p la tes ,  channels w e r e  made which 
were closed with plugs of t he  same material after the placement of the  chamber. 
Most of the  chambers w e r e  made of the  1 x 1 8 ~ 9 ~steel, while some were made from 
S t .  3 steel .  The dimensions of the chambers and t h e i r  design are shown i n  
figure 1. 

The w a l l s  of the  chamber case were made su f f i c i en t ly  thin;  however, the 
Gray condition concerning the  dimensions of the medium surrounding the  gas 
cavity was sa t i s f i ed ,  because the  chamber w a s  placed in to  a prism made of the  



Figure 1. Stee l  gray chamber: 
1, chamber cover; 2, brass nut; 
3, t e f lon  insulator ;  4, cen t ra l  
electrode; 5 ,  chamber she l l ;  6, 
operating cavi ty .  

same material as the  w a l l .  On the  other  hand, the  chambers, insofar  as 
possible, had s m a l l  dimensions i n  order t o  f i x  the  point accurately where the 
heat l i be ra t ion  w a s  measured. In  order t o  recompute the ionization and heat 
l i be ra t ion  it i s  necessary t o  know the  volume and capacity o f  the  chambers. 
The capaci t ies  w e r e  measured with a standard indus t r i a l  type IIYeF device and 
were of the  order of 4-6 pF when the capacity of the  electrometer was 10 pF. 
The operating volumes were establ ished by successive weighings on ana ly t ica l  
balances. For t h i s  purpose they were e i t h e r  f i l l e d  o r  un f i l l ed  with water. 
For d i f f e ren t  chambers these volumes w e r e  of the  order of 0.4-0.7 cm3. 

The gaseous medium i n  the  chamber consisted of air. The var ia t ion i n  
chamber poten t ia l  under the  act ion of secondary f3-radiation was measured by 
means of a standard electrometer.  Before the  measurements were s ta r ted ,  the 
chamber w a s  t e s t ed  f o r  the presence of breeding i n  the  gas. G a s  breeding was 
not observed f o r  the operating voltages (up t o  60 V) .  Experiments were car
r i ed  out  with the reactor  power l eve l s  from a f r ac t ion  of a w a t t  t o  several  
tens  w a t t s  f o r  d i f f e ren t  measurement series. The i r r ad ia t ion  t i m e  of 15 min 
w a s  se lected f o r  t he  f i rs t  assembly ( f i g .  2) and of  20 min f o r  the second 
assembly ( f i g .  3).  
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Figure 2. H e a t  l i be ra t ion  i n  screens and reactor  vessel  
f o r  f i rs t  ( a )  and second (b)  versions: , computed 
data; 0,experimental data.  

353 



'rio-' 

m'4 r, cm 

Figure 3. H e a t  l i be ra t ion  i n  screens and reactor  vessel 
f o r  t h i r d  version, due t o  following: y-radiation from 
act ive zone (y,,); neutron capture i n  iron-water mix

tu re  (yiw); neutron capture i n  nine screens (1 -9 ) ;  

neutron capture i n  polyethylene behind vessel (10); 
q, t o t a l  heat  l i b e r a t i o n  i n  absolute uni t s ;  9 

computed data; 0,experimental data. 

Discussion of Results and Conclusions 

Figure 2 presents the results of computations and the  experimental values 
of heat  l i be ra t ion  f o r  two versions of the  vessel  and screens of  the thermal 
shielding. The computed spec i f ic  heat l i be ra t ion  i n  steel screens and i n  the  
vessel  q are p lo t ted  along the  axis  of the ordinates  i n  r e l a t ive  uni t s .  

During these experiments the power level of the  reactor  w a s  not controlled 
during measurements. Therefore, figure 2 presents only a comparison of the 
r e l a t ive  values of computed data  and of r e s u l t s  obtained experimentally. The 
experimental points and the  calculated curves w e r e  superposed a t  a distance of 
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3.7 cm from the ac t ive  zone. The calculations of heat  l i be ra t ion  f o r  the /241 
above versions w e r e  ca r r ied  out  by using the ten  group method t o  f ind  the three
dimensiond energy d i s t r ibu t ion  of neutrons (ref.  3). We can see i n  f igure 2 
t h a t  t he  agreement of computed values with experimental values i s  very good f o r  
both versions. 

For the t h i r d  version of the experimental assembly ( f i g .  3) the  calculat ion 
of heat l i be ra t ion  was car r ied  out by using the  7 group method t o  determine the  
neutron d is t r ibu t ion .  During t h e  period of experiments w i t h  t h i s  assembly the  
reac tor  power w a s  control led by means of copper and indium f o i l s ,  placed a t  
d e f i n i t e  points  i n  the  ac t ive  zone. The f l u x  of neutrons w a s  determined i n  one 
of the experiments. For t h i s  purpose, i n  addition t o  the  copper and indium 
f o i l s ,  the  ac t ive  zone contained gold f o i l s  which were then subjected t o  a 
count u t i l i z i n g  the  p-y-coincidence method. The reac tor  power w a s  determined 
from the known neutron flux.. In  the remaining experiments we took the r a t i o  
of copper and i n d i m  f o i l  a c t i v i t y  t o  the  a c t i v i t y  of the  same f o i l s  i n  the 
experiment f o r  determining t h e  absolute neutron flux. With t h i s  r a t i o  we deter
mined t h e  neutron f l u x  as w e l l  as the  reactor  power f o r  each experiment. 

Thus figure 3 presents a comparison of the absolute values of heat  l i be ra 
t i o n  obtained by computations (curves) and experimentally (points)  f o r  the 
t h i r d  version. We can see t h a t  computed data and experimental data  agree w e l l .  

The authors evaluated the experimental e r r o r  which w a s  f 30 percent /242 
and which was composed of the following e r ro r s :  

e r r o r  i n  measuring the  voltage i n  the  chamber.. ..................... f 2 percent 

e r r o r  i n  measuring the chamber capacity... .......................... * 6 percent 

e r r o r  i n  measuring the  operating volume of the chamber ..............f 1 4  percent 

e r r o r  i n  measuring the  reac tor  power (during absolute measurements).+ 20 percent 

The indefini teness  associated with the evaluation of  quant i t ies  W and f 
comprises approximately 3 percent f o r  W and approximately 7 percent for f .  
These values are taken from reference 4. 

The discrepancy between experimental r e s u l t s  and computed results does not 
exceed 15 percent, i .e.,  it i s  below the limits of experimental e r ro r .  This 
shows t h a t  the  applied calculat ion method i s  qui te  accurate, and we recommend it 
f o r  calculat ing heat l i b e r a t i o n  i n  vessels and screens of water-moderated re
ac tors  fo r  p rac t i ca l  purposes. 
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PART 111. EXPERIMENTAL METHODS OF I m S T S G A T I N G  SHIELDING AND 
SHIELDING MATWIALS 

INVESTIGATION OF NEUTRON TRANSMISSION THROUGH SHIELDING BY MEANS 
OF UNIDIRECTIONAL SOURCES (THE B-2 INSTALLATION) 

S. G. Tsypin 

Introduction 

Two typ ica l  cases are encountered i n  t he  design of nuclear reac tor  /243
shielding of s m a l l  dimensions: i n  the  f i rs t  case the  shielding is  very close 
t o  the reactor ,  whereas i n  the  second case it is  subs t an t i a l ly  removed from the 
reac tor .  In  the  first case the  rad ia t ion  incident  on the  shielding may be 
considered i so t rop ic  i n  the  f i rs t  approximation, i n  the second case it may be 
considered unid i rec t iona l .  These two c lasses  of angular d i s t r ibu t ions  f o r  
rad ia t ions  from the  sources may be attenuated i n  a d i f f e r e n t  manner by the  
shielding.  If t h i s  difference i s  s m a l 1 , l  w e  can u t i l i z e  any of the a t tenuat ion  
functions and i n  t h i s  case, any of the  functions would be universal .  

Furthermore, i f  w e  u t i l i z e  collimated (point  un id i rec t iona l  o r  l imi ted  
unid i rec t iona l )  r ad ia t ion  sources, we can obtain more de t a i l ed  information on 
the  transmission of r ad ia t ion  through the  shielding than when w e  apply non
collimated sources (refs.  1-9). 

Indeed, the  most elementary source i s  a point  un id i rec t iona l  source and a l so ,  
generally speaking, a monoenergetic source of rad ia t ion .  By using the  attenua
t i o n  function of such a source it i s  possible t o  develop an a t tenuat ion  function 
f o r  a source with any angular d i s t r ibu t ion .  I n  addition, such a source can be 
used t o  obtain information on the  angular d i s t r ibu t ion  of r ad ia t ion  i n  the  
shielding i n  addition t o  information on i t s  three-dimensional energy d i s t r ibu 
t i o n .  The B-2 i n s t a l l a t i o n  was constructed i n  order t o  obtain t h i s  informa
t i o n  and t o  s i m u l a t e  an i n f i n i t e l y  plane unid i rec t iona l  source u t i l i z i n g  the  
B R - 5  fast neutron r eac to r  ( ref .  10). 

'In comparing these a t tenuat ion  functions it i s  assumed t h a t  t h e  geometric at-
. 	tenuation cannot take place f o r  an i so t rop ic  source; i n  par t icu lar ,  f o r  a 

poin t  i so t rop ic  source i f  we  multiply by the  square of t he  dis tance between 
t h e  source and the  considered point  i n  the  shielding (de t ec to r ) .  
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B-2 I n s t a l l a t i o n  f o r  the  Invest igat ion ,of 
Shielding 

The B-2 i n s t a l l a t i o n  was b u i l t  on the  north s ide of the  BR-5 f a s t  neutron 
nuclear reactor  (ref. 10). This i n s t a l l a t i o n  wasusedto  invest igate  the pene
t r a t i o n  of neutrons through various shielding media which can be e i t h e r  i n  a 
s o l i d  or l i qu id  state ( f i g .  1). 

i s  shown i n  figure 2. The i n s t a l l a t i o n  cons is t s  of the  following pa r t s :  a 


The schematic diagram of the B-2 i n s t a l l a t i o n  

channel with s l i d e  p la tes ,  a movable ca r t ,  a tank and a concrete shielding 
recess surrounding the  c a r t  with the  tank. The beam of neutrons which passes 
through 16 cm of nickel r e f l e c t o r  en te r s  a channel i n  the  shielding which has 
a diameter of 25 cm. 

The beam geometry ( f i g .  2) provides fog a w e l l  collimated source with a 
coll imation half-angle of approximately 2.5 . The rad ia t ion  e x i t  from the  
channel i s  covered with two remotely control led s l i d e  gates:  a water gate /244 
with a thickness of 150 cm and a cas t  i ron  gate  with a thickness of 50 cm. 
The t e s t  shielding mater ia ls  are i n s t a l l e d  (or poured i n  the  case of a l i q u i d )  
i n t o  a s t e e l  tank, with dimensions of 137 X 139 X 217 cm, which i n  tu rn  i s  
placed on the movable c a r t .  

To f a c i l i t a t e  the  loading and unloading of shielding materials,  the  B-2 
i n s t a l l a t i o n  has a spec ia l  arrangement t o  move the  c a r t  with the tank out of 
the concrete recess.  The construction of the c a r t  and of the tank make it 
possible t o  inves t iga te  shielding weighing up t o  50 metric tons (when i ron  
shielding i s  investigated,  f o r  example, i t s  weight reaches a value of 30 tons,  
r e f .  7). I n  a l l  experiments t o  inves t iga te  the  transmission of neutrons 
through the shielding the c a r t  with the tank i s  moved f lu sh  against  the  locat ion 
of the rad ia t ion  beam, so t h a t  the  beam en te r s  the  center  of the v e r t i c a l  tank 
w a l l  surface and i t s  cross sect ion has the  form of a d i sk  with a diameter of 30 
cm . 

A concrete recess with a thickness of approximately 1m i s  b u i l t  f lush  
against  the reac tor .  A heavy grade of concrete with a densi ty  of 4.3-4.5 

g/cm 3 was used. Above the recess  there  i s  a cut  with a width of 12  cm /245
f o r  introducing rad ia t ion  detectors  i n t o  the  tes t  shielding. The flux of fast 
neutrons with energies E > 2-3 MeV a t  the  output of the  beam, when the BR-5 
nuclear reactor  power i s  5000 kW, represents  approximately 1010 neutrons/ 

cm -see.  

I n  the B-2 i n s t a l l a t i o n  the neutrons pass through a layer  of nickel 
(16 cm) before they en ter  the  t e s t  shielding material from the  BR-5 reactor .  

Special  measurements of the neutron spectrum leaving the channel have 
shown t h a t  above the  energy E > 3 MeV it agrees w e l l  with the neutron f i s s i o n  
spectrum ( r e f .  7 ) .  I n  addition, it a l so  follows from reference 9 t h a t  i f  a 
nickel  layer  of thickness 15 cm i s  placed between the source of f i s s i o n  neu
t rons  and the water, the  at tenuat ion function, s t a r t i n g  with a water thick
ness of 40-50cmfrom the source, coincides w e l l  with the at tenuat ion function 
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Figure 1. General v i e w  of B-2 i n s t a l l a t i o n  on 
BR-5 reactor  for invest igat ing shielding. 

Figure 2. Schematic of  B-2 i n s t a l l d t i o n  on BR-5 reactor  
for invest igat ing shielding : 1, channel; 2, reactor  
shielding; 3, concrete shielding; 4, shielding under t e s t .  
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f o r  neutrons having a f i s s i o n  spectrum ( the  measurements were car r ied  out by 
means of the BF3 

thermal neutron counter). 

From th is  descr ip t ion  of  the B-2 i n s t a l l a t i o n  it follows t h a t  a limited 
unidirect ional  source--a unidirect ional  disk--is used t o  study the penetrat ion 
of neutrons i n  the  shielding materials. 

Geometric Transformations of Unidirectional Sources 

I n  order t o  understand the procedure f o r  carrying out measurements with 
such an unusual disk unidirect ional  source, it i s  necessary t o  consider several  
remarks. 

L e t  us consider the two classes  of surface sources En t ioned  above: the 
i so t ropic  and the  unid i rec t iona l  sources. I n  the first c l a s s  the elementary 
source i s  a point i so t ropic  source, whereas i n  the second c l a s s  it i s  a point 
unidirect ional  source. W e  s h a l l  define the d i r e c t  geometric transformation as 
the  transformation from elementary sources t o  sources of other  geometric form, 
f o r  example, the  transformation of a point i so t ropic  source in to  a plane iso
t ropic  source o r  i n t o  a spherical  i so t ropic  source. We s h a l l  define the i n 
verse geometric transformations as those involving the transformation from more 
complex geometric sources t o  elementary sources. 

In  the c l a s s  of i so t ropic  sources, the d i r e c t  and inverse geometric t rans
formations a re  always poss ib le , l  because the  at tenuat ion function of a point 
i so t ropic  source G p i  ( R )  i s  Characterized by a s ingle  geometric parameter--by 
the distance between the  source and the  observation point (de tec tor )  i n  the 
shielding. 

In the  c l a s s  of unidirect ional  sources, the inverse transformations are 
possible only under d e f i n i t e  simplifying assumptions. Indeed, even under the 
simplest conditions: i so t rop ic  detector,  homogeneous and i n f i n i t e  medium, the 
at tenuat ion f'unction of a point unidirect ional  source G (R, 0) o r  G 

PU (R, h)i s  characterized by two s p a t i a l  coordinates ( f i g .  3). pu 

The equivalence of moving the source o r  the de tec tor  makes it possible fo r  
us t o  assume t h a t  the  schemes shown i n  figure 3a and b are  the same. This 
s i tua t ion  i s  usual ly  u t i l i z e d  i n  carrying out the measurements. I n  par t icu lar ,  
the  detector  of the  B-2 i n s t a l l a t i o n  w a s  displaced along the  cen t r a l  ray /246
of the unidirect ional  disk source R, as w e l l  as i n  the  perpendicular d i r ec t ion  
h, for  d i f f e ren t  values of R, or there  w a s  an angular displacement 0 with re
spect t o  the center of the d isk  f o r  d i f f e ren t  values of R. These at tenuat ion 
functions ( G

PU 
(R, h )  o r  G

PU 
(R, 0) make it possible t o  obtain subs tan t ia l ly  

more information compared w i t h  the  a t tenuat ion function G ( R ) ,  which y ie lds
nothing more than information about the i so t ropic  sources?u 

I	
It i s  assumed t h a t  the medium containing the  source is  i n f i n i t e  and homoge
neous, and t h a t  t he  rad ia t ion  detector  i s  i so t ropic .  



a b 

Figure 3. Geoe t ry  of experiments i n  which source is  fixed, 
while de tec tor  is fixed (b). S, source; D, detector ;  0,  
angular r o t a t i o n  of source o r  of detector ;  h, height t o  
which source o r  de tec tor  i s  raised;  R, d is tance between 
source and de tec tor .  

Direct Transformations. It is  easy t o  see t h a t  i f  w e  k n o w  the  attenuation 
f'unctions G

PU 
(R,  0) o r  G

PU 
(R,  h ) ,  w e  can f ind  the  attenuation fbnction f o r  a 

source with any angular d i s t r ibu t ion .  W e  s h a l l  present several simple examples. 

(a )  The a t tenuat ion  function f o r  a point  anisotropic  source i s  equal t o  

where f ( 0 )  i s  the  function f o r  t he  anisotropy of the  source radiat ion.  In  
pa r t i cu la r  when f (0) = 1expression (1)i s  transformed i n t o  G

PS (R). 

(b)  The attenuation function for  an i n f i n i t e  plane unid i rec t iona l  source 
G9 ( R )  is equal t o  

e t c .  

( p  = plane) 

Unfortunately it i s  very d i f f i c u l t  t o  work with point  un id i rec t iona l  
neutron sources due t o  t h e i r  s m a l l  i n t ens i ty .  I n  t h i s  connection it i s  more 
expedient i n  p rac t i ce  t o  use bounded unid i rec t iona l  sources. 

The a t tenuat ion  functions of bounded unid i rec t iona l  sources w i l l  vary 
with t h e  dimensions of t h e  source. Thus, f o r  example, i n  measuring the  attenua
t i o n  function f o r  a unid i rec t iona l  d i sk  source along t h e  cen t r a l  beam Gdu (R, 0 )  

i n  any medium as a function of source diameter, t h e  a t tenuat ion  functions Gdu 



(R, 0)  w i l l  d i f f e r  from each o ther  more and more as the  diameter increases and 
as the slope of the at tenuat ion curve decreases. However, it i s  possible t o  
f ind  a unidirect ional  source whose at tenuat ion function w i l l  not vary with an 
increase i n  the dimensions of the source. A plane i n f i n i t e  unidirect ional  
source i s  of t h i s  type.  

From an analogy with expression (2) we can write 

We s h a l l  show t h a t  expression (3 ) ,  within the  accuracy of the constant, 
coincides with expression ( 2 ) .  

Indeed, l e t  us represent Gdu (R,  h )  as a superposit ion of G 
PU (R,  h ) ,  i n  

which case, expression (3) may be writ ten i n  the  form 

where dS i s  the  elementary area of the integrat ion surface; Aai i s  the element 
of source area.  

It follows from the comparison of expressions (4)  and (2)  tha t  G' 
mp /247 

(R) and G"p( R ) ,  indeed, d i f f e r  on ly  i n  the value of the constant mul t ip l ie r .  

We should also note t h a t  the rad ia t ion  attenuation function depends on the  
angular d i s t r ibu t ion  of t he  source radiat ion.  Compazing the results of theo
re ti c a l  works (ref. 9 )  on the  penetration of y-rays, w e  see t h a t  there  i s  a 

slight difference i n  the  at tenuat ion f'unctions G
PS 

( R )  R2 ( R  i s  the  distance 

between the  source and the  consiaered point i n  the shielding)  and G
OJP ( R ) .  

Table 1 uses the data  of reference 9 t o  present the  energy r a t i o s  G
PS 

( R )  R2/+ ( R )  f o r  y-quanta with energies of  0.5, 1, 3 and 8 MeV i n  water, 
* It i s  poss ib l e , to  replace h i  With h i n  the  in t eg ra l  since integrat ion over h 

from zero t o  always produces the  same result regardless of the source posi
t i o n  i n  space. 



TABZE 1. COMPARISON O F  THE ENERGY ATTEXUATION FUNCTIONS Gps 

(R) R2 AND GV ( R )  y-RAYS W I T H  E3ERGIES 0.5, 1, 3 AND 8 

MeV I N  WATER, IRON AND URANIUM Gps ( R )  R2/G,, (R). 

Shielding thickness i n  t e r m s  of y-ray 

Medium Energy, MeV mean free path lengths 
~~ I 

1 2 4 7 
~ 

Water 
0.5 
3
8 

0.66 
0.41 
0-29 

0.93 
1.oo 
1.01 

1.26 
1.04 
1.02 

1.48 
1.08 
0.99 

1 -73  
1.12 
1.04 

1.97 
1.14 

2.171 1.16 
Iron 

0.5 
3
8 

0.65 
0.38 
0.19 

0-97 
0-99 
0-99 

1.09 
1.03 
1.00 

1.20 
1.08 
1.03 

1.44 
1 . 1 3  
1.07 

1 0.36 1.01 1.02 1.04 1.07 
Uranium 3

8 
0.26 
0.10 

0.99 
0-99 

1.01 
1 .oo 

1.03 
1.02 

1.07 
1.07 

1.12 
1.47 

i ron  and uranium. In  addi t ion,  the tablc presents da ta  corresponding t o  the 
r a t i o  of sca t te r ing  cross sect ions t o  the t o t a l  y-quanta attenuation cross 
sect ion i n  the substance aS/a. W e  can see from t a b l e  1 t h a t  the  maximum dis 

crepancy between these functions, which i s  approximately equal t o  two, takes 
place when the  shielding thickness i s  15 mean f r e e  paths of y-rays and the 
r a t i o  usa - 0.7. When the r a t i o  us/u 5 0.4, t h i s  discrepancy seldom exceeds 

10-20 percent, i . e . ,  the  a t tenuat ion functions G
PS 

( R )  R2 and Gap ( R )  prac
t i c a l l y  coincide. 

We can expect, from an analogy with y-ray sources, t h a t  the attenuation 
functions G ( R )  R2 and Gq ( R )  will a lso  coincide f o r  the neutron sources. 

PS 

To invest igate  t h i s  problem the B-2 i n s t a l l a t i o n  w a s  used t o  measure the  
at tenuat ion functions G9 

( R )  of fast and thermal neutrons i n  w a t e r  by means 

of a threshold P 3  (n, p )  S i 3 "  detector  and by means of a thermal neutron 

detector  BF
3 

( ref .  6), respect ively.  

* 
D a t a  obtained by V. A. W i n ,  Yu .  A. Kazanskiy, V. P. Mashkovich, B. I. 
Sinitsyn, L. K .  Fometskiy and S. G. Tsypin. 
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Figure 4 represents  these attenuation funct ions.  This figure a l so  sho',.is 
the attenuation function Gps ( R )  R2 f o r  neutrons of the f i s s i o n  spectrum f o r  Y k  

case of t he  P 3  (n, p)  S i3  threshold detector ,  computed by means of dz ta  c re 
sented i n  reference 9. I n  addition, figure 4 shows the  attenuation function 

GPS ( R )  R2 f o r  neutrons of t h e  f i s s i o n  spectrum i n  water, which i s  nezsured b] 

means of a thermal neutron de tec tor  containing the  BF 
3 

counter. This at tenue

t i o n  function i s  obtained from the  attenuation function of a d isk  i so t rop ic  
neutron source with a f i s s i o n  spectrum, i n  w a t e r  ( re f .  6 ) .  

A s  we can see from f igure  4, there  i s  good agreement between the  a t - /245
tenuation function f o r  t he  neutron spectrum of the  B-2 and Gpi ( R )  R2 i n s t s l l e 
t i ons  and the  attenuation function Gwp ( R )  f o r  neutrons of the f i s s i o n  s9ectrc-c 

both fo r  fast neutrons and f o r  thermal neutrons i n  water. 

Inverse Transformations. From the  material  presented above it folls-,.:s 
t h a t  t he  attenuation function Gdu (R,  h )  contains less information than the  

GPU (R,  h )  function; however, i f  ce r t a in  simplifying assumptions m e  made, 

Figure 4. Comparison of attenuation functions G
PS 

( R )  R2 (0 )  

f o r  point  i so t rop ic  neutron sources of f i s s i o n  spectrum m u l 
t i p l i e d  by square of dis tance between source and detector  
with a t tenuat ion  functions of plane i n f i n i t e  un id i rec t iona l  
sources with neutron spectrum of B-2 i n s t a l l a t ion ,  Gwp (R) 

f o r  various l aye r s  of water R, measured by de tec tors  o f :  1,
thermal neutrons (counter with BF3); 2, fas t  neutrons 

( ~ 3  p> s i3 ) .(n, 
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w e  can obtain addi t iona l  information from the unid i rec t iona l  d i s k  sources and 
the  accuracy of such information w i l l ,  of course, be l imited by these  assump
t ions .  Figure 5 shows the  attenuation functions Gdu ( R ,  h )  measured by the  

threshold de tec tor  A127 (n,  Cy) Na24 of f a s t  neutrons i n  i ron  on the B-2 i n s t a l 
l a t i o n  ( ref .  7).  An examination of these curves shows t h a t  within the l i m i t s  
of t h e  beam radius  t h e  curves are almost cons tan t .or  vary l i t t l e ,  and then vary 
almost exponenttally with h i n  such a way t h a t  as R increases, the  slope of the 
curves becomes more shallow (a  similar p ic ture  takes  place f o r  water, reference 
6 )  

Assuming t h a t  the  slope of the  exponential p a r t  of the  curves i n ' t h e  
attenuation functions G

PU 
( R ,  h )  and Gdu (R ,  h )  i s  retained and knowing Gdu 

(R,  h ) ,  w e  can f ind  the  approximate value of G
PU 

(R,  h ) .  This assumption con

cerning the  coincidence of t he  slope of these functions i s  confirmed, f o r  ex
ample, i n  the  case of a unid i rec t iona l  d i sk  ( ref .  1)and a unid i rec t iona l  point  

(ref. 2) source of y-rays from Co60 i n  water. This s i t u a t i o n  i s  a l so  confirmed 
by the  close slopes of t he  exponential pa r t  of the attenuation curve f o r  neutrons 
measured i n  w a t e r  by means of BF 3 thermal neutron counters f o r  various diameters 

of neutron beams--30 ( ref .  6) and 3.8 c m  ( r e f .  11). 

The proposition s t a t ed  above makes it possible  f o r  us t o  seek the attenua
t i o n  function G

PU 
(R,  h )  i n  the  form 

G
PU ( R ,  h) =A ( R )e - h / M R ) ,  ( 5 )  

where A ( R )  i s  t h e  t e r m  i n  f ron t  of the exponent, which depends only on the d i s 
tance between the  source and the  de tec tor  R i n  the  medium; X ( R )  i s  the relaze
t i o n  length f o r  the  a t tenuat ion  func-kion G

PU 
( R ,  h )  as a function of h, corre

sponding t o  the  slope of the exponential p a r t  of attenuation function 1249 
Gdu (R,  h )  f o r  a given distance between the  source and the de tec tor  R .  Then, 

by subs t i t u t ing  Gdu (R, h ) ,  which has been measured along the  cen t r a l  beam of 
a

the  d isk  source with radius  a Gdu ( R ,  0 ) ,  as a superposition GPU ( R ,  h ) ,  w e  f ind  

A(R) .  After simple transformations we obtain 

where C i s  a constant. 
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Figure 5 .  Attenuation functions for uni
d i r ec t iona l  disk source with neutron spectrum 
of B-2 i n s t a l l a t i o n  Gdu (R,  h )  for various 

thicknesses of i ron  measured by means of 

A127 (n, a) Na24 threshold detector .  

Finally,  we may w r i t e  

L e t  us attempt t o  analyze expressions ( 5 )  and (7) which we have obtained. 
F i r s t  of a l l  we should note t h a t  when h = 0 the  attenuation function GPU (R, h )  

f o r  a point i so t ropic  detector  must correspond t o  the  attenuation function 
under conditions of good geometry. In  pract ice  t h i s  i s  eas i ly  achieved, for 
example, f o r  a w e l l  collimated source of y-rays and for a detector  with s m a l l  
dimensions ( re f .  2 ) .  

During the  measurement of the  neutron at tenuat ion function Gdu (R,  h )  on 

the B-2 i n s t a l l a t i o n  i n  various media, detectors  of s m a l l  dimensions were also 



-- 

used. Therefore, t he  function G
PU 

( R ) ,  which i s  equal t o  A ( R )  when h = 0, 

agrees with the  at tenuat ion function measured under conditions of good geometry, 
i .e . ,  

where cT i s  the  t o t a l  macroscopic cross section of neutron in te rac t ion  with the 

material; C1 i s  a constant. 

Expression ( 5 )  a l s o  makes it possible for us t o  compute the buildup fac tors  
f o r  the sca t te red  neutron radiat ion B ( R ) .  They can be obtained most simply 
for a plane i n f i n i t e  unidirect ional  source of neutrons. Subst i tut ing expres
sion ( 5 )  i n to  (2)  and making use of expression ( 8 ) ,  w e  f ind 

L3 R )  Ch' (R). (9) 

Finally,  by using expression ( 2 )  w e  can construct the attenuation /250
function Gdu ( R ,  h )  f o r  a source o f  radius a as  a function of  h. It i s  easy 

t o  show t h a t  

0 0 

L e t  us i l l u s t r a t e  t h i s  presentation by means of an example involving the  
at tenuat ion functions Gdu (R,  h )  measured on the B-2 i n s t a l l a t i o n  i n  w a t e r  

using P3 (n,  p )  Si3 fast  neutron detectors.  Figure 6 shows the at tenuat ion 
functions GODP ( R ) ,  Gdu (R,  0 ) ,  of a narrow beam a t  the point computed by means 

of equation (6)  i n  water for neutrons of  the B - 2 l  i n s t a l l a t i o n  spectrum and 

f o r  the  P3 (n,  p )  Si3 detector .  

A s  w e  can see from figure 6 ,  the  function A ( R )  ( t r i ang le s ) ,  computed by 
means of equation ( 6 )  agrees r e l a t ive ly  well with the t rue  attenuation function 
f o r  a narrow b e a m .  

Table 2 presents the buildup fac tors  ( the  buildup f ac to r  fo r  a thickness 
of  16.5 cm i s  assumed t o  have a un i t  value),  computed by means of equation ( 9 )  
and by exact integrat ion of d i s t r ibu t ions  Gdu (R, h )  f o r  an i n f i n i t e  plane 
unidirect ional  source according t o  equation ( 3 ) .  

1	
For the  PsL (n, p )  S i 3  detector ,  these functions coincide with the at tenuat ion 
functions for neutrons of t he  f i s s i o n  spectrum (see above). 
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Figure 6. Attenuation function f o r  neutrons of B-2 

i n s t a l l a t i o n  i n  water using P 3  (n, p) S i p  detector :  

1, Gq ( R ) ;  2, Gdu (R ,  0) ;  3, narrow beam geometry; 

A ,  points  computed by equation (6) .  

TABLE 2.  RELATIVE BUILDUP FACTORS OF " F R O N S  SCA-D I N  
WATER B ( R )  FOR AN INFINITE UNIDIRECTIONAL SOURCE O F  NEUTRONS 

WITH A FISSION SPECTRUMMEASURED BY MEANSOF ~ 3 1(n, p )  s ig .  

L l l 

integrat ionThickness of 

water i n  cm 

16.5 4. 
26.5 1.4 
39-5 1-9 

by means of 
equation (3)  

Thickness of 
water i n  cm 

} . - L ! y I - Exact 

equation (3 )  

2.8 
4.4 
6.1 

1 
1.7 
2 -9 

49 -5  

59 -5 

72.5 


A s  we can see from the  t ab le  there  i s  a more or less sa t i s fac tory  agree
ment between results computed by means of equation (9)  and those obtained from 
exact integrat ion by means of  equation (3 ) .  

Finally,  figure 7 presents the  attenuation functions Gdu (R, h )  as a 
function of h, measured experimentally and computed by means of expression 
(10). It follows from figure 7 t h a t  there  i s  reasonable agreement between 
experimental and computed data .  



Figure 7. Attenuation functions f o r  un id i rec t iona l  
d i sk  neutron source of  B-2 i n s t a l l a t i o n  i n  water 

f o r  ~ 3 1(n,  p )  s i 3  detec tor :  , experimental 
data;  0 ,  computed data obtained by means of equa
t i o n  (10). 

Conclusions 

1. The at tenuat ion functions Gdu (R ,  h )  f o r  the d isk  unidirect ional  
source o f  neutrons with the B-2 i n s t a l l a t i o n  spectrum i n  d i f f e ren t  shielding 
materials makes it possible f o r  us t o  obtain information on the three-
dimensional energy d i s t r ibu t ion  of  neutrons as w e l l  as on the  angular d i s 
t r ibu t ion  of neutrons i n  these media. 

2 .  Under some assumptions (see above) the at tenuat ion functions f o r  /25l 
unidirect ional  d i sk  neutron sources i n  shielding materials may be used t o  
obtain information on t h e  at tenuat ion functions f o r  un id i rec t iona l  point neutron 
sources. A s  a result  it i s  possible t o  construct a source with any angular 
d i s t r ibu t ion  of rad ia t ion  emitted by it. 

3 .  The at tenuat ion functions Gdu ( R ,  h )  make it possible t o  construct 
the  at tenuat ion functions G, ( R )  f o r  a plane i n f i n i t e  unidirect ional  sourceP 

of neutrons with the  B-2 i n s t a l l a t i o n  spectrum i n  d i f f e ren t  shielding media. 
These functions i n  tu rn  coincide with t h e  following at tenuat ion funct ions:  

( a )  f o r  a source of neutrons with the  f i s s i o n  spectrum when the neutron 
energy i s  E > 2-3 MeV; 

(b )  f o r  a source of neutrons of the f i s s i o n  spectrum f o r  a l l  energy groups
beginning with some thickness of the hydrogen-containing shielding; 
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( c )  f o r  G
PS 

( R )  R2, when the e f f ec t ive  absorption cross sect ion i s  greater  

than or equal t o  half  of the  t o t a l  cross sect ion f o r  the  in te rac t ion  of fast 
neutrons with m a t t e r  ( fo r  example, f o r  neutrons having an energy of E > 3 MeV). 

4. The m e r i t  of the  B-2 i n s t a l l a t i o n  neutron source i s  i t s  high in t ens i ty  
which makes it possible t o  study the  spec t r a l  d i s t r ibu t ion  of fast neutrons i n  
various shielding media (ref.  12) .  The use of B-2 neutron sources i s  not asso
c ia ted  with d i f f i c u l t i e s  produced by the  indefini teness  of source geometry 
which exists f o r  other  sources. 

In  conclusion the  author wishes t o  express h i s  deep grat i tude t o  A. I. 
Leypunskiy f o r  valuable advise i n  the formulation of the problem associated 
with the  invest igat ion of neutron penetration of various media from unidirec
t i o n a l  sources. The author a l so  expresses h i s  deep grat i tude t o  I. I. 
Bondarenko, V. V. Orlov, V. I. Kukhtevich, Yu. A. Kazanskiy, B. I. Sinitsyn, 
Y e .  S.  Matusovich, B. P. Shemetenko, Sh. S. Nikolayshvili, V. P. Mashkovich 
and A. A.  Abagyan f o r  valuable remarks during the  discussion of results ob
tained i n  the present work. 

The author a l so  expresses h i s  indebtedness t o  D. S .  Pinkhasik and N.  N. 
Aristarkhov f o r  t h e i r  g rea t  ass is tance i n  constructing the B-2 i n s t a l l a t i o n .  
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5 7  

MPERIMENTAL METHODS OF lTVE3TIGATING SHIELDING 
(RADIATION DETECTORS) 

V. A. Dulin, Yu. A. Kazanskiy and Ye. S. Matusevich 


Introduction 


The development of nuclear power engineering places ever-increasing /25l

requirements on the accuracy of computing the biological shielding of nuclear 

reactors. 
For this reason it has become necessary to analyze not only the 
total dose beyond the shielding, but also the detailed characteristics (for ex
ample, the three-dimensional and energy distribution of neutrons and y-rays in 
the shielding, the angular and energy distribution of neutrons and y-rays /252 
on the surface of the shielding, etc.). At the present time, all modern 
methods of recording radiation are used in the investigation of three-
dimensional, angular and energy distributions of radiation which has penetrated 
the shielding. 

The following general requirements must be satisfied by sensors of radia

tion ionization when they are used in the investigation of shielding: (1) a 

wide sensitivityrange, because the study of three-dimensional distributions 


usually requires high radiation attenuations (of the order of 10 -10 ); (2) high 
detector "selectivity," i.e., the low sensitivity of y-detectors to neutrons, 
and vice versa. Indeed, in such materials as iron, when it is necessary to in
vestigate, for example, the transmission of fast neutrons, the sensor of fast 
neutrons must be insensitive to y-rays and to soft neutrons with a very large 
coefficient, because y-rays and soft neutrons are attenuated with the relaxa
tion length of A45 cm, whereas fast neutrons are attenuated with a relaxation 
length A-7 cm; (3) small detector dimensions for measurements taken inside the 
medium; (4) the spectral distributions of neutrons and y-rays, which leave the 
shielding and which are in the shielding itself, are continuous and, as a rule, 
drop off as the radiation energy is increased. This last situation lowers the 
requirements for the resolving energy capacity of selected spectral instruments 
and makes it possible to use the matrix method with success for the transforma
tion of measured amplitude distributions into energy spectra. 

Exhaustive information on the transmission-ofradiation in shielding is 
contained in the angular energy distribution at each point of space for differ
ent geometries, in functions of anisotropy and in the energies of radiation 
sources. The ability to obtain such information is outside the limits of pos
sibility associated with experiment and theory and, in most cases, is not 
necessary. Thus, in developing computational methods, informtion which i's 
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relatively incomplete is quite useful, for example, for three-dimensional dis

tribution of y-ray and neutron hose in shielding, the behavior of neutron fluxes 

with energies above a certaim threshold, the angular distribution of y-ray and 

neutron fluxes on the surface of the shielding, etc. This makes it possible to 

apply rather simple and effective methods for the investigation of shielding--

methods associated with the utilization of dose chambers, threshold tracers, 

fission chambers and others. 


The Measurement of Integral Characteristics 


The Dose of y-Rays. Very early investigations on the attenuating proper

ties of shielding pertain to the measurement of radiation dose. This approach

is associated with the fact that the dose has a very definite practical mean

ing, whereas the measurement of the dose is simpler and sometimes the only 

possible approach. The measurements of y-ray doses in homogeneous media have 

agreed excellently with the numerical computations carried out by the method of 

moments and have made the further experimental investigation of buildup factors 

in simple geometries quite superfluous. An extensive and exhaustive survey of 

dose measurements is given by G. Gol'dshteyn (ref. 1). 


A rather widespread and reliable method of measuring the dose of y-rays, 
which is not new, involves measurements by means of small ionization chambers 
which satisfy the Gray conditions. The theory of miniature chambers, their 
construction and characteristics are presented in detail in the monograph of 
K. K. Aglintsev (ref. 2).  In addition to measuring the dose (which requires a 
chamber with air-equivalent walls), small chambers are used to study problems 
associated with heat liberation in the shielding. In this case the walls of 
the chamber are made of the same material as the medium (ref. 3). 

The most valuable properties of such chambersare their small size (which 

accounts for their wide application in the measurement of y-ray doses inside 

the medium) and their capacity to operate in fields of high power (up to 1000 
R/hr). The chambers have low sensitivity to neutrons. Chambers which are 
carefully constructed do not lose their charge over a period of hundreds of 
hours, and therefore they can be used in fields of y-rays with power to /253
0.01 R/hr. The latter situation makes it possible to measure the dose distri
bution in large shielding thicknesses when the power of radiation sources is 
constant. The characteristic features of the chamber include the .time discon
tinuity between irradiation and the measurement of residual charge and the in
verse proportionality between exposure and power of the measured radiation 
field. 

The sensitivity of ionization chambers is proportional to their volume; 
therefore, in order to measure doses outside the shielding it is necessary to 
utilize large chambers (up to 100 liters) which operate in conjunction with a 
standard electrometer amplifier, for example, of the "KSlktus" type. A detec
tor of this type makes it possible to measure y-ray doses of the same order 
as the natural background. It is shown in reference 4 that ionization cham
bers with air-equivalent walls whose volume is 1 to 100 liters do not exhibit 
any noticeable degree of "hard operation." When large ionization chambers are 
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used to measure y-ray doses in the presence of neutrons, particularly thermal 


neutrons, there is a danger of ionization contribution by the d4(n, p) Cs4 re

action because the cross section of this reaction is 1.75 barn for thermal neu

trons and is comparable with the scattering cross section of y-quanta by the 

atom. 


Recently there has been a wide application of dosimetry devices based on 
the application of scintillation counters. The scintillation y-dosimeter, 
which consists of an organic scintillator (anthracene, toluylene or plastic 
scintillators), joined by means of optical wave guides (or directly) to the 
cathode of a photomultiplier whose current is fed to an electrometer, has a high 
sensitivity and a satisfactory dose characteristic. The dose characteristic 
may depend on the dimensions of the selected crystals (ref. 5). However, for 
every crystal with a diameter of 100 m and a height of 220 m (terphenyl in 
polystyrene) the dose characteristic is practically the same as the character
istic of the anthracene crystal with a diameter and height of 6 mm (ref. 4). 

A typical problem characterizing the application of a scintillation cur
rent dosimeter is the measurement of angular and spatial distributions of scat
tered y-radiation from sources of different geometry (ref. 6). In these mea
surements anthracene crystals with a diameter from 6 to 12 mm and a thickness 
of 6 mm have been used. The light is transmitted to the cathode of the FEU-12 
photomultiplier by means of a long optical fiber made of Plexiglas and used to 
decrease the perturbation of the medium by the case of the device. The current 
from the plate of the FEU is amplified by a standard electrometer amplifier of 
the %aktus" type which has several versions of the output unit. When an 
anthracite crystal with a diameter of 12 mm and a height of 6 mm is used, the 

sensitivity of the entire device is 3 ~ 1 0 - ~ 
R/hr per fission. The upper sen
sitivity limit may be varied over a wide range of photomultiplier voltages. 

The utilization of the scintillation current dosimeter with a large crystal 

makes it possible to carry out measurements of rather low intensity doses and 

at high y-ray energies. An example of this is the measurement of buildup fac

tors for y-rays with energies of approximately 6 MeV in a heterogeneous shield

ing (ref. 7). 


The basic shortcoming of such devices is the impossibility of measuring 

y-ray doses in the presence of neutrons. When utilizing current dosimeters, we 

should take into account their high sensitivity to temperature fluctuations, 

associated with the strong temperature dependence of photomultiplier dark 

currents. 


A rather successful method for improving the characteristics of a scintil
lation dosimeter is the method of summating the pulse amplitudes, first applied 
to measure the dose due to fast neutrons (ref. 8). Such an amplitude summator 
was used in the work of V. I. Kukhtevich and L. A. Trykov (ref. 9 )  for,measur
ing the y-ray dose. The number of counts made by the amplitude summator is 
proportional to the sum of output pulse amplitudes. 
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Since the dark currents in the photomultiplier are produced by a /254
large number of small pulses, the application of a summator with initial dis
crimination makes it possible to eliminate the noise background with practically 

no change in the dose characteristics and in the sensitivity of the device, 

which is equivalent to an increase in the sensitivity of the dosimeter. In this 

operating version the lower sensitivity limit is determined exclusively by the 


cosmic background radiation, and the measured effect may be of the order of 10-6 
R / h r .  The upper limit which naturally depends on the dimensions of the scintil
lator, is approximately 0.1 R/hr for a standardtoluylene crystal. 

We should note that the operating threshold of the amplitude summator (ap
proximately 3 with a linearity up to l3O V) may introduce a substantial error 
(up to 20-50percent) in the measured dose when there is a noticeable variation 
in the radiation spectrum in the region of small energies at test points, for 
example, in the study of angular dose distributions. This conclusion may be 
reached on the basis of a sharp, almost exponential rise in the region of small 
amplitudes whichsuppressesmost of the amplifude equipment distributions when 
measurements are made by means of organic scintillators. To eliminate the er
ror associated with the presence of a threshold, it is sufficient in most cases 
to count the number of recorded pulses, to multiply this number by the magni
tude of the threshold and add it to the measured effect. 

In principle it is possible to use the scintillation pulse dosimeter of 

y-rays to measure the dose of y-rays in neutron fields. In this case we must 

make use of the difference in the shape of proton and electron pulse amplitudes 

(ref. lo). The use of discrimination according to the form of amplitudes opens 

up the possibility of designing a universal dosimeter which would record the 

y-ray dose and the neutron dose simultaneously. 


The Neutron Dose. At the present time it is impossible to determine ac
curately the relative biological effectiveness of neutrons (RBE) as a function 
of the energy, because it depends on assumptions which have been adopted a 
priori on the type of damage to an organism, which serves as the basis. It 
also depends on the ratio of deep and surface doses, on the angular distribu
tion of neutrons in a phantom, etc. By combining the adopted propositions, 
variations of 5 to 30 in the ratio of RBE for thermal neutrons and neutrons 
with an energy of 1 MeV have been obtained (ref. 11). This situation regarding
the values of RBE substantially complicates the construction of a neutron 
dosimeter. 

From the engineering point of view it is particularly difficult to build a 
detector which measures the dose in the region of slow and intermediate neu
trons. It is precisely these neutrons which are of paramount importance in 
many cases. Although a rather large number of fast neutron dosimeters is 
known, (see, for example, the survey in reference l2), only the tissue-
equivalent (polyethylene) proportional counter is used for measuring the dose 
in shielding (refs. 8 and 13). The use of such a counter with an amplitude 
summator has produced good results. 
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Typical parameters of a polyethylene proportional counter' are as follows: 
for a threshold corresponding to neutron energy of 0.5 MeV, the ratio of neutron 
registration effectiveness to the y-ray registration effectiveness is more than 

SO6, the sensitivtty of the counter (diameter of 15  mm and length of 60 mm) is 
-2approximately 0 .OO5 pulses/neutrons *cm , the amplification factor of the elec

tronic circuit is approximately SO4; when it is filled with ethylene the oper
ating voltage is approximately 2OOO-3OOO V. The gas amplification mode places 
higher requirements on the stability of the high voltage. 

An isodose dosimeter is used for measuring the neutron dose beyond the 

shielding and for studying neutron scattering. This dosimeter is based on se

lecting the thickness of the moderator, which contains a boron counter. The 

effectiveness of such a device was thoroughly investigated in the range of neu

tron energies from thermal to 10 MeV (ref. 14). The results for neutron ener

gies from lev to 1 keV were particularly valuable. 


The characteristic of detector effectiveness almost corresponds to the/255 


dose curve.2 Two versions of a dosimeter have been proposed: a cylindrical 

version (with a moderator thickness of l5 cm) and a spherical version (with a 

moderator thickness of 20 cm), which make it possible to measure the dose in

dependently of neutron energy with a maximum deviation of 40-50percent. For 

the real neutron spectrum the error is substantially less. The advantage of 

the device is its high sensitivity to neutrons with almost zero sensitivity to 

y-rays, and the possibility of utilizing standard electronic equipment (the 

"Siren," "Chernik" and "Tyul'pan" type devices, and others). 


We should like to point out that the nature of neutron RBE, when neutron 

energy is greater than 1 MeV, makes it possible to utilize threshold neutron 

detectors when measuring the dose inside a medium. Such detectors, for exam


ple, may consist of the Th232 fission chamber, type (n, p) Si3' threshold 


tracers, etc., and such detectors are sufficiently accurate.3 

The Measurement of Neutron Fluxes. The technique of measuring spatial 

distributions of neutron fluxes in shielding does not differ in principle from 

the measurement of fluxes during the solution of other problems. We should 

only note certain special features associated with measurements in shielding, 

which place higher requirements on detectors: the necessity of measuring large 

changes in flux intensities; very large changes in the intensity ratio of 


y-rays and neutrons (from in heavy shieldings to 105-107 in light 
-

bata presented by V. K. Daruga and B. I. Sinitsyn.

2The dose curve was selected by the authors from the analysis of existing data 

published in the literature, taking into account the approved permissible doses. 

3Data obtained by B. I. Sinitsyn and S. G. Tsypin. 




shieldings) and in the ratios between the intensities of various neutron energy 

groups. 


Thus, in studying the transmission of fast neutrons in iron by means of 
fission chambers it is necessary to have a high order of separation of fission
able materials from impurities which break down into thermal neutrons. However, 
even if complete refinement is achieved, the results of’themeasurements may be 
incorrect due to the (y, f) reaction; the source of high energy y-rays may be 
the capture of neutrons (ref. 15). 

The same high requirements with regard to elimination of impurities which 

produce y-activitypertain to threshold tracers. We mention an interesting 

method of determining the relative activity of tracers by means of a scintilla

tion y-spectrometer (ref. 15). This method increases the sensitivity of detec

tors substantially as a result of an increase in their thickness and lowers the 

background of the interfering radiation by selecting a suitable energy interval 

for the spectrometer. 


In general the value of the effective detector threshold depends on the 

form of the neutron spectrum. As a rule, for fast neutrons, the effective en

ergy threshold is determined under the assumption that the neutrons inside the 

test medium are distributed according to the fission spectrum. Analysis car

ried out in reference 16 has shown that the value of the effective threshold 


depends very little on the form of the neutron spectrum. Thus, for a $1 


(n, p) Si3’ detector (energy threshold of 0.9MeV) the effective energy thresh

old over the fission spectrum is equal to 2.8 MeV, whereas the computed thresh

old for the spectrum in large thicknesses of light materials (hydrogen, 

beryllium, carbon) is equal to approximately 3 MeV. 


The Spectra of Gamma-rays 


At the present time the investigations on the spectral distribution of 

y-rays are carried on in two basic directions: 


(1)the procurement of data on the spectra of y-radiation sources (for ex

ample, reactors, volumetric y-ray sources, etc.); 


(2)the measurement of angular and spectral distributions at the boundary 

of the medium, which also describe the radiation sources and, on the other hand, 

are entirely necessary for computing shadow shielding, the penetration of y-rays 

in heterogeneous media, i.e., inthoseproblems which do not yet lend themselves 

to the analytical approach. 


The spectral distributions of y-rays inside homogeneous media, computed by 
the method of moments, for a large number of cases (refs. l7 and 18) /256
agree well with experimental data (refs. 19 and 20) for y-ray source energies 
of 0.5-1.5 MeV. It is expedient to carry out the measurement of spectral dis
tributions inside media by using a y-ray source with an energy of k-10 MeV, 
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i.e., in that region of energies where the calculations in reference S7 do not 

take into account the formation of retarding and annihilation y-radiations, 

and with y-ray sources of a wide energy range in some special cases, for exam

ple, in air (ref. 18). 


The most widespread detector for investigating the spectra of y-rays is 
the single crystal scintillation y-spectrometer with a NaJ (Tl) crystal. In
deed, such spectrometers are of relatively simple design, have a satisfactory 
energy resolution and, what is most important, a high effectiveness. Many 
works are devoted to the problem of investigating the characteristics of a sin
gle crystal scintillation y-spectrometer. Of these we shall only mention ref
erences 21-25. 

The disadvantage of the single crystal scintillation spectrometer consists 

of the fact that the y-quanta with a single energy correspond to a continuous 

spectrum of pulse amplitudes. This requires a mandatory transformation of mea

sured amplitude distributions into energy spectra, particularly when measure

ments are made in shielding media, where the energy distributions are of a 

continuous nature. On the other hand, the continuity of investigated y-ray 

spectra makes it possible to neglect corrections for energy resolution. 


In the general case the problem of transforming amplitude distributions 
into energy spectra is reduced to the solution of an integral equation by means 
of a direct or inverse matrix (ref. 22). In order to construct the matrix we 
must have information on the forms of pulse amplitude distributions, which de
pend on the energy of y-radiation, forms and dimensions of the crystal, source 
geometry, collimation conditions, etc. 

In a series of works (refs. 22, 25 and 26) the forms of the pulse amplitude 
distributions were established experimentally, i.e., the equipment spectra of 
pulse amplitudes were measured during the registration of monoenergetic 
y-quanta. Many works (refs. 21, 23 and 27) are also devoted to computational 
methods for determining the form of pulse amplitude distributions. 

The computations carried out by the method of "random" Monte Carlo tests 
cover a wide range of y-ray energies and crystal dimensions. Basically they 

can be divided into two groups: calculations for the case of the unidirec
tional y-ray beam which falls on the center of a cylindrical crystal (ref. 23) 

and for the case of normal y-ray incidence on the end of the crystal (ref. 27).  

The advantages of the experimental method for determining the form of pulse 
amplitude distributions is associated with the fact that in this case the multi
ple secondary effects are taken into account automatically. Such effects, for 
example, are scattering in the collimator, absorption and scattering in the 
packing of the crystal, reverse scattering, geometry of the experiment, etc. 
The limitations of this method are associated with the fact that there are few 
convenient monoenergetic sources in the region of energies above 2.5 MeV with
out the accompanying radiation (retardation, scattered neutron, etc.). Below 
the energy of 2.5 MeV, the experimental determination of pulse amplitude dis
tribution forms is substantially simpler than the analytical detednation, 
particularly when we are investigating the spectra of y-rays from nonpoint 
sources (for example, ring geometry, and the absence of collimation). 



A t  the present time the l i t e r a t u r e  contains a su f f i c i en t  number of computed 
and experimental da ta  which may be used t o  se l ec t  the form of amplitude d i s t r i 
butions fo r  the pa r t i cu la r  c rys ta l .  The problem of se lec t ion  i s  subs tan t ia l ly  
simplified,  because the forms of amplitude d i s t r ibu t ions  are  r e l a t ive ly  unaf
fected by the form and dimensions of the c rys ta l s .  

I n  regard t o  effect iveness ,  the s i t ua t ion  i s  somewhat more complex. In  
the range of energies below 2.5 MeV the effect iveness  i s  usual ly  determined from 
the photo peak. Although the effect iveness  determined from the  photo peak depends . 

c r i t i c a l l y  on the dimensions of the c rys t a l  and on the energy of the y-radiation, 
there are  many methods ( r e f .  25) f o r  a r e l i ab le  determination of e f - /257
fectiveness.  We should l i k e  t o  point out a r a the r  simple and r e l i ab le  method 
presented i n  reference 28, which u t i l i z e s  the sca t te r ing  of y-quanta by a f r e e  
e lec t ron  a t  various angles where the energy and i n t e n s i t y  of the y-quanta a re  
e a s i l y  computed. 

I n  the region of y-ray energies above 3 MeV the very concept of effect iveness  
i s  not determined i n  the same manner by various authors. Thus, i n  reference 22 
the effectiveness i s  determined as  the t o t a l  p robabi l i ty  of y-quantum in te rac t ion  
i n  a c rys ta l ,  which i s  meaningful when we process the equipment spectra by means 
of the inverse matrix. In  reference 27 effect iveness  according t o  the photo peak 
was determined up t o  an energy of 8 MeV; t h i s  method of determining effect iveness  
f o r  high energies i s  d i f f i c u l t  i n  pract ice ,  because the photo peak merges with 
the Compton d i s t r ibu t ion  and with pa i r  peaks. For large c rys ta l s  (with a diameter 
of 70-100 mm and a height of 100 mm) and f o r  poor energy resolut ion ( the p a i r  
t r i a d  i s  not c l ea r ly  resolved),  it i s  meaningful t o  determine the effectiveness 
from the number of pulses recorded as a r e s u l t  of t o t a l  absorption with the 
emission of one or both annihi la t ion y-quanta. 

When the spectra  of y-rays are  measured by means of spectrometers with NaJ 
(Tl) crys ta l s  i n  mixed f i e l d s ,  a question a r i s e s  concerning the background pulses 
due t o  neutrons which have entered the c rys t a l  (capture y-radiation, of the re 
c o i l  nucleus). I n  the measurement of y-rays having energies above 1MeV, the 
basic ro l e  i n  t h i s  background i s  played by y-rays of  neutron capture i n  iodine, 
whose capture cross sect ion even f o r  neutron energies of approximately 1MeV 
i s  0.1 barn. Depending on the conditions of the experiment and on the formu
la ted  problem, t h i s  background may be of paramount importance even when the 
r a t i o  of y-rays t o  neutrons i s  1:l. We can propose the measurement of capture 

128 
y-ray background rad ia t ion  from the residual  J & a c t i v i t y  which has a con
venient period f o r  measurements. When measuring y-rays with an energy below 
0.5 MeV, we should take i n t o  account the p o s s i b i l i t y  t h a t  pulses due t o  the re
c o i l  nuclei of sodium w i l l  appear. 

The Spectra of Neutrons 

Data on the energy d i s t r ibu t ion  of neutrons i n  shieldings are  of i n t e r e s t  from 
the standpoint of the biological  dose due t o  neutrons, the or ig in  of capture y
radiat ion,  act ivat ion,  heat  l ibera t ion ,  e t c .  If the computation of capture y
rad ia t ion  requires  such information on the neutron spectrum i n  the  region of low 
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energies,  then it i s  important t o  know the spectrum of fas t  neutrons t o  compute 
the penetration of neutrons through the  medium. 

A device t h a t  could measure the spectra  of neutrons over the e n t i r e  energy 
region does not e x i s t .  The methods which are widely used t o  measure the  neutron 
spectrum i n  shielding u t i l i z e  thermal, resonance and threshold t r ace r s ,  He3 
chambers and in t eg ra l  methods of r e c o i l  nuclei  with the  u t i l i z a t i o n  of ionizat ion 
chambers and s c i n t i l l a t i o n  counters. 

The main advantages of t r ace r s  for taking measurements i n  the shielding con
s i s t  of t h e i r  t o t a l  i n s e n s i t i v i t y  t o  y-rays and the  p o s s i b i l i t y  of u t i l i z i n g  them 
i n  large numbers t o  obtain the three-dimensional d i s t r ibu t ion  of neutrons. When 
se lec t ing  a t r a c e r  f o r  measuring neutrons i n  a d e f i n i t e  energy region, we  should 
take i n t o  account the  h a l f - l i f e  of the  react ion product, the  value of the cross 
sect ion and a l so  the presence of possible impuri t ies  involving other  elements as 
w e l l  as of other  react ions involving the element of i n t e r e s t  t o  us or i t s  isotopes 
(ifthese e x i s t ) .  

The basic a c t i v i t y  of the t r a c e r  i s  separated from a c t i v i t i e s  due t o  other  
react ions and impurit ies according t o  the h a l f - l i f e  period. I n  some cases it i s  
not  possible t o  do t h i s ,  i f  the periQds f o r  the h a l f - l i f e  of a c t i v i t i e s  a re  close 
o r  if they coincide. Thus when measuring high energy neutrons i n  hydrogen-
containing media it i s  not possible t o  separate the  5-min a c t i v i t y  of the  Cu65 

(n, y) react ion from the 10-min a c t i v i t y  of the  Cu63 (n, 2n) C U ~ ~ .  

From the standpoint of separating extraneous a c t i v i t i e s ,  the t r ace r s  /258 
p+-decay occurring during react ions (n, 2n) a re  most convenient. The y-radiat ion 
with energy of 511 keV, which occurs during the annih i la t ion  of the  positron, i s  
measured by means of a s c i n t i l l a t i o n  y-spectrometer. A t  t h i s  t i m e  it i s  also 
r e l a t i v e l y  easy t o  determine the absolute number of captures i n  the t racer .  

I n  evaluating the energy d i s t r ibu t ion  of fas t  neutrons i n  shielding, a col
l e c t i o n  of t r ace r s  with d i f f e ren t  thresholds i s  used. It i s  convenient t o  know ~ 

the r e l a t ive  number of reactions i n  the co l lec t ion  of t r a c e r s  f o r  a stream of 
monoenergetic neutrons o r  f o r  neutrons with 8 known spectrum (refs. 29 and 3 0 ) .  

Thus the co l lec t ion  of threshold t r ace r s  (n, 2n) C U ~ ~ ;SbIa (n, 2n) Sb120. , 
Fe56 (n, p) Mn56; A l e  (n, p) Mgq; P31 (n, p) Si31, which were u t i l i z e d  i n  re f 
erence 29, was activated i n  a stream of neutrons with an energy of 15 MeV. 

Usually the resonance t r ace r s  can be "associated" with the thermal region 
which eliminates many d i f f i c u l t i e s  associated with information on the absolute 
output of f3-particles from the t r ace r ,  with the e f fec t iveness  and geometry of the 
&counter and others .  By ac t iva t ing  the same col lec t ion  i n  an unknown spectrum 
and knowing the re la t ionship  between the cross sec t ion  of each t r a c e r  and energy, 
the matrix method of processing the  t r ace r s  o r  the method of successive approx
imations may be used t o  f ind  the spec t r a l  d i s t r ibu t ion  of neutrons (refs. 29 and 
30) 



The disadvantage of threshold t r a c e r s  i s  t h e i r  low s e n s i t i v i t y  t o  neutrons 
nnd the  l a rge  d i f f i c u l t i e s  associated with processing the  r e su l t s .  Inexact in
formation on the  va r i a t ion  of the  t r a c e r  cross sect ions a s  a function of energy 
introduces a l a rge  error i n  the determination of the  neutron spectra .  Further
more, t he  repeated u t i l i z a t i o n  of t r ace r s  with a la rge  h a l f - l i f e  i s  frequently 

impossible ( the S32 (n, p)  P32 reac t ion  with T = 1 4  days).
1/2 

I n  the  region of neutron energies from 0.2 t o  2 MeV the spectrometer may 

consis t  of a s m a l l  ionizat ion chamber f i l l e d  with He3 and Ar ( r e f .  31). The 

reac t ion  He3 (n, p) T takes  place wi tha  l i b e r a t i o n  of energy Q = 760 keV. I t s  
cross sec t ion  is  wel l  known. For neutrons with energies  l e s s  than 1MeV the form 
of the equipment spectrum has a simple in te rpre ta t ion ,  f o r  la rge  energies it i s  
necessary t o  use the matrix method. The fabr ica t ion  of a chamber and i t s  f i l l i n g  
with helium a t  a pressure of severa l  atmospheres is  a r a the r  d i f f i c u l t  problem. 
I n  addition, the p rac t i ca l  appl ica t ion  of the  chamber f o r  measurements i n  the  
shielding i s  d i f f i c u l t  due t o  i t s  high s e n s i t i v i t y  t o  thermal and resonance neu
trons.  For the  energy reso lu t ion  of the thermal peak which can be obtained i n  
pract ice  (approximately 10  percent) t h i s  leads t o  i t s  d i s t r ibu t ion  over a region 
covering several  hundred keV. 

Hydrogen-containing ion iza t ion  chambers which make it possible t o  measure 
neutron spec t ra  i n  the  region from 0.3-0.4 t o  3-4 MeV are  more common. To ob
t a i n  the neutron spectrum from the equipment spectrum a d i f f e ren t i a t ion  tech
nique i s  used. When e f f o r t s  a re  made t o  measure la rge  neutron energies, a 
subs t an t i a l  r o l e  i s  played by the  wal l  e f f e c t ,  which impairs the energy re
solut ion and does not make it possible  t o  use the d i f f e ren t i a t ion  technique. 
The s e n s i t i v i t y  of hydrogen-containing ion iza t ion  chambers t o  neutrons i s  a 
quantity of the order of 1percent and i s  very small with respect t o  y-rays. 
The construction of l a rge  ion iza t ion  chambers with pressures measured i n  tens  
of atmospheres, for the  purpose of decreasing the  ro l e  of the wall  e f f e c t  en
counters technical  d i f f i c u l t i e s ;  the  presence of the background y-radiation i s  
more pronounced f o r  l a rge  chambers and f o r  l a rge  gas pressures. 

From the standpoint of the  wall  e f f ec t ,  energy resolut ion,  dimensions and 
effect iveness ,  hydrogen-containing organic s c i n t i l l a t o r s  a re  r a the r  convenient. 
Their u t i l i z a t i o n  a s  neutron de tec tors  and a s  spectrometers has been r a the r  l i m 
i t e d  t o  da te  due t o  t h e i r  high s e n s i t i v i t y  t o  y-rays. Thus a toluylene c r y s t a l  
has approximately the  s a m e  e f fec t iveness  with respect  t o  neutrons with energies  
of 2 MeV and y-rays of t he  same energy. 

The development of methods f o r  discriminating against  y-rays (refs. 10 and 
3 2 )  has made it possible  t o  u t i l i z e  a toluylene c r y s t a l  as  a spectrometer f o r  
fast  neutrons (2 1MeV).  One method of measuring the  spectrum of f a s t  1259 
neutrons consis ts  of u t i l i z i n g  a s ingle  c r y s t a l  s c i n t i l l a t i o n  spectrometer with 
discrimination aga ins t  y-rays during the  s c i n t i l l a t i o n  t i m e  ( r e f .  33). The 
energy d i s t r i b u t i o n  of such a spectrometer with the  mass-produced FEU-11photo

l i e r  and a toluylene c r y s t a l  with dimensions of 20 X 30 mm i s  equal t o  
percent, which cons t i t u t e s  15 percent and 4 percent f o r  neutrons with 



energies of 1and 15 MeV, respect ively.  The effect iveness  of such a c r y s t a l  as  
a neutron counter f o r  energies of several  MeV i s  1 0  percent, and i t s  ef fec t ive
ness a s  a spectrometer i s  one order less (due t o  the necessi ty  of using the d i f 
fe ren t ia t ion  technique when processing the equipment spectra) .  

The known l i n e a r i t y  of the l i g h t  output from the  toluylene c r y s t a l  V (E) a s  
a function of proton r e c o i l  energy cons t i tu tes  an addi t iona l  d i f f i c u l t y  i n  ad
jus t ing  the spectrometer and processing the equipment spectrum. I n  processing 
the  spectrum it i s  a l s o  necessary t o  know the var ia t ion  i n  the der ivat ive of 
the  c rys t a l  l i g h t  output as  a function of r e c o i l  proton energy. According t o  
the B i r k s  theory ( r e f .  34 ) , t h i s  re la t ionship  i s  expressed i n  terms of the ioni
zation densi ty  dE/dx and the parameter KB, which character izes  the probabi l i ty  
of s c i n t i l l a t i o n  quenching i n  the c rys t a l .  This parameter KB may vary by 50 
percent f o r  various c rys t a l s .  

I n  determining the KB f o r  a spec i f ic  c r y s t a l  it i s  not necessary t o  p l o t  
the re la t ionship  V (E) fo r  many neutron energies.  Having recorded the equip
ment spectrum of the monoenergetic neutron beam, f o r  example, with an energy of 
14-15 MeV (the T (D, n) react ion) ,  it i s  su f f i c i en t  t o  s e l e c t  a value f o r  KB 
so t h a t  the corresponding der ivat ive of the l i g h t  output provides f o r  the t rans
formation of the equipment spectrum of r e c o i l  protons i n t o  an i d e a l  "step." 

The u t i l i z a t i o n  of la rge  c rys t a l s  i s  d i f f i c u l t  due t o  the presence of mul
t i p l e  sca t te r ing  and the impossibi l i ty  of u t i l i z i n g  a simple techniquefor proc
essing equipment spectra  i n  t h i s  case. For a toluylene c r y s t a l  with dimen
sions of 20 X 30 mm the e f f e c t  of multiple sca t te r ing  begins t o  take place a t  
energies of l e s s  than 2 MeV. 

Due t o  the  s t a t i s t i c a l  nature of c r y s t a l . s c i n t i l l a t i o n  and the f luc tua t ion  
i n  the number of photoelectrons from the photocathode, the leading edges of 
voltage pulses from r e c o i l  protons and electrons a re  spread. Therefore, the 
minimum energy which i s  measured i n  the spectrum (the spectroscopic threshold 
of the spectrometer) depends on the degree of y-ray suppression. We may assume 
t h a t  a l l  of the discrimination schemes described i n  the  l i t e r a t u r e  ( re fs .  10 
and 32) provide approximately the same re la t ionship  between the spectroscopic 
threshold and the degree of y-ray suppression. Thus, when the y-ray count de

creases by a f ac to r  of 102 and104, the spectroscopic threshold i s  equal t o  0.8 
and 1.5 MeV, respect ively.  It should be pointed out  t h a t  charges should not ex
ceed several  kHz (kcps).  For la rge  charges the var ia t ion  i n  the spectroscopic 
threshold as  a Function of y-ray suppression de ter iora tes  due t o  the superposi
t i o n  of pulses from the y-rays. 

I n  conclusion we make the following remarks. The u t i l i z a t i o n  of spectrom
e t e r s  (both neutron and y-ray) i s  pa r t i cu la r ly  expedient i n  the study of angular 
energy rad ia t ion  d i s t r ibu t ions  leaving the  shielding. However, i n  t h i s  case we 
have a nont r iv ia l  problem of detector  collimation. Although the question of y
ray  collimation has been studied more or l e s s  ( r e f .  U) from the standpoint of 
d i s to r t ions  introduced by the collimator i n to  the measured spec t ra l  d i s t r ibu t ion ,  
the method of determining the absolute effectiveness of a coll imator i n  the  case 
of an inexact source has not been worked out i n  general .  The problem i s  f'urther 
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complicated during the collimation of neutrons due t o  la rge  values of the albedo 
from any substance and due t o  small in te rac t ion  cross sect ions compared with those 
of y-rays. 

The author takes  t h i s  opportunity t o  express his deep gra t i tude  t o  A. I. 
Abramov, V. I. Kukhtevich, V. P. Mashkovich, V. I. Popov, B. I. Sini tsyn and 
S. G. Tsypin f o r  valuable communications which w e r e  u t i l i z e d  i n  the present 
work. 
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COTJNTER3 AND DOSIMETERS FOR INVESTIGATING SHIELDING 
AND THE SHIELDING PROPEETIES OF MATERIALS 

V. N. Avayev, G. A. Vasil'yev, Yu. A. Yegorov, 
V. A. Kucheryayev, Yu. V. Orlov, Yu. V. Pankrat 'yev and 

Y e .  A. Panov 

At the  present t i m e  the most diverse materials and t h e i r  combinations /260 
are used f o r  reactor  shielding; the shielding propert ies  of materials as w e l l  of 
t h e i r  combinations do not always lend themselves t o  computation. A t  the  same 
t i m e ,  when pa r t  of the  reactor'equipment i s  used f o r  i t s  shielding it i s  not 
possible accurately t o  compute the  at tenuat ion of rad ia t ion  i n  the reactor .  
For t h i s  reason the shielding properties of materials and t h e i r  combinations 
have t o  be studied experimentally, and the  design of shielding must be checked 
by using a prototype o r  an ex is t ing  in s t a l l a t ion .  

When the shielding propert ies  of materials and t h e i r  combinations are stud
ied, the following quant i t ies  are usually determined: the attenuation coef
f i c i e n t s  f o r  fluxes of y-quanta and neutrons of various energies; power at ten
uation coef f ic ien t  f o r  the  dose of y-radiation and fast neutrons; the output 
and spectrum of the capture y-radiation; the ac t iva t ion  of materials i n  the  f lux  
of neutrons and the  deformation of the y-radiation spec t ra  of neutrons during 
penetration through the  m a t e r i a l .  

As a rule these same quant i t ies  are measured when invest igat ing a completed 
shielding o r  i t s  prototype. Measurements of these quant i t ies  are car r ied  both 
under conditions of ba r r i e r  geometry as w e l l  as under conditions which are close 
t o  "semi-infinite" geometry. Devices manufactured by p lan ts  such a s  type SP y
radiat ion dosimeter, KFN-1 radiometer and others cannot always be used f o r  /261 
measurements of t h i s  type. Therefore we fabr icated several devices which w e  de
scr ibe below. 

S c i n t i l l a t i o n  spectrometers are used t o  invest igate  the  spec t ra l  composition 
of y-radiation and neutron fluxes.  The descr ipt ions of spectrometers are pre
sented i n  references 1-4. 

The problem of radiat ion penetration through s l i t s  and hollows i n  shielding 
becomes par t icu lar ly  s ign i f icant  i n  designing complex shielding. Special equip
ment, described i n  reference 5 ,  has been developed t o  study t h i s  problem. 

Sc in t i l l a t i on  counters are used t o  study the  at tenuat ion of fluxes due t o  
y-quanta as w e l l  as those due t o  fast and slow neutrons and i n  most cases are 
fabricated i n  two versions: with large and s m a l l  dimensions. Small counters 
are designed t o  take measurements under conditions of "semi-infinite" geometry. 



The s c i n t i l l a t i o n  counter f o r  y-quanta i s  used t o  study the attenuation of 
y-quanta f l u x  of given energy and i n  essence cons is t s  of a s ingle  c rys t a l  scin
t i l l a t i o n  y-spectrometer. An FEU-11B photomultiplier with an N d  (Tl) spectrom
eter c rys t a l  with diameter and height of 40 mm i s  mounted i n  the  counter sensor. 
The c rys t a l  and the photomultiplier are placed i n  a l ightproof case with t h i n  
aluminum w a l l s .  The cathode follower i s  a l so  placed i n  the  case. During the  
measurements the sensor i s  placed i n  a lead coll imator.  IlThe signal  from the  
counter i s  transmitted t o  l i n e a r  pulse amplif iers  through the  cathode follower 
and after amplification i s  fed t o  a s ingle  channel d i f f e r e n t i a l  pulse amplitude 
analyzer, whose channel width canbe controlled over a wide range. The number 
of pulses i s  recorded by the  counting c i r c u i t .  

Before the  counter i s  used t o  take the measurements, the  y-spectrum of the  
rad ia t ion  source i s  taken and the  posi t ion of the  per t inent  y-line i s  determined 
i n  the  analyzer channels. Then the respective threshold and width of the ana
lyze r  channel are set  and measurements are car r ied  out without changing them. 

A method of t h i s  type makes it possible t o  create  conditions which are 
close t o  "good geometry" without special  collimation, and t o  study the a t ten
uation of a narrow energy group of y-quanta. 

The s c i n t i l l a t i o n  counter f o r  measuring fast  neutron fluxes consis ts  of a 
FEKJ-llB photomultiplier, whose photocathode contains a p l a s t i c  ZnS ( A g )  + plexi
g l a s  s c i n t i l l a t o r  (with a diameter of 30 mm and a height of 10 mm). The minia
ture version of the  fast neutron counter i s  assembled with a FEU-3 photo
mult ipl ier  and a p l a s t i c  s c i n t i l l a t o r  of the  same composition (with a diameter 
of 16 mm and a height of 10 mm). The s ignals  from the  counters are transmitted 
t o  the  recording equipment through cathode followers, and i n  the minia- /262 
ture version of the  counter t he  cathode follower uses a 6ZhlB tube. The appl i 
cat ion of a miniature photomultiplier and tube has made it possible t o  achieve 
s m a l l  dimensions f o r  the  sensor: a diameter of  27 mm and a length of 275 mm 
( f i g .  1). This makes it possible t o  u t i l i z e  it i n  the "semi-infinite" geometry. 

Y^ I n .I_ " _ . 
Figure 1. External v i e w  of small s c i n t i l 
l a t i o n  counter (case removed). 



The sensor with the  p l a s t i c  s c i n t i l l a t o r  i s  designed t o  study the  attenua
t i o n  of neutron f lux  with energy of 3 2 MeV,1 and when recording the  neutron f lux  
with a y-radiation background the pulses from the  l a t t e r  are chopped of f  by se
l ec t ing  a corresponding threshold of the  in t eg ra l  analyzer connected t o  the  re
cording c i r c u i t  of the counter. In  order t o  select the necessary threshold of 
the  analyzer, the sensor i s  placed i n  a y- f ie ld  with a dose power of 200 pR/sec, 
and a threshold i s  selected i n  such a way tbat the  pulses from the  y-quanta are  

not recorded. Usually the  y- f ie ld  i s  produced by means of a Co60 source. 

A r e l a t ive ly  la rge  s c i n t i l l a t i o n  counter of fast neutrons can be placed i n  
a collimator made of paraf f in  and boron carbide during the  measurements. When 
measurements are made i n  a ba r r i e r  geometry, a minature sensor with a coll imator 
i s  used. On the  other  hand, when measurements are made i n  a "semi-infinite" 
geometry, the sensor i s  placed i n  special  openings i n  the shielding and up t o  
10 sensors are used simultaneously,depending on the  dimensions of the shielding. 

The f a s t  neutron s c i n t i l l a t i o n  counter ( f i g .  2), which i s  analogous t o  the  
one described, i s  used as a k o n i t o r "  during reactor  measurements. The s c i n t i l 
l a t o r  i s  attached t o  t he  FEV-29 photomultiplier which i s  i n s t a l l e d  i n  a standard 
case f o r  the type VSF high voltage r e c t i f i e r .  The sensor i s  mounted on a t r ipod 
whose height can be regulated.  During the  measurements sensors without a col
l imator are  used. 

In  the  case where the  dimensions of the  t e s t  shielding, or some other  
reasons do not permit the placement of even miniature counters inside the  
shielding, a sensor i s  used which contains a p l a s t i c  op t i ca l  f i b e r  between /263
the  s c i n t i l l a t o r  and the  photomultiplier ( f i g .  3).  The length of the  opt ica l  
f i be r  may reach 60 cm. A fur ther  increase i n  the length of the opt ica l  fiber 
makes the  measurements very d i f f i c u l t ,  because the l i g h t  f l ux  a t  the photo
cathode i s  subs tan t ia l ly  decreased ( re f .  6) .  The opt ica l  fiber has a diameter 
of 10 mm and has a l i g h t  co l lec tor  a t  the  end facing the  s c i n t i l l a t o r  (ref.  7 ) .
The diameter of the p l a s t i c  s c i n t i l l a t o r  i s  the same as the diameter of the op
t i c a l  f i be r .  The opt ica l  f i b e r  with the  s c i n t i l l a t o r  i s  placed i n  a thin-walled 
aluminum tube. The sensor with the opt ica l  f i b e r  has been used, f o r  example, 
t o  measure the d i s t r ibu t ion  of fast neutrons i n  water behind a steel  p l a t e .  

A s c i n t i l l a t i o n  counter with a toluylene c rys t a l  (diameter of 30 mm, height 
20 mm) i s  used t o  measure the  f l u x  of fast  neutrons i n  the  energy range from 1 
t o  10 MeV. Discrimination against  the background y-radiation i s  achieved by 
adopting a scheme proposed i n  reference 8, which uses the  difference i n  the 
s c i n t i l l a t i o n  t i m e  of the toluylene c rys t a l  during i r r ad ia t ion  by protons and 
electrons (ref. 9 ) .  

'A l a rge  number of experiments on the  reac tor  have shown t h a t  t he  e f f ec t ive  
threshold of the sensor with the ZnS(Ag) + Plexiglas s c i n t i l l a t o r  coincides 

with the  e f fec t ive  threshold of the  P3'(n, p) S i 3  reaction. 
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Figure 2. External v i e w  of fast neutron counter monitor. 

The block diagram of the fast neutron counter i s  shown i n  figure 4. The 
effect iveness  of recording neutrons i n  the  energy range of 1-10 MeV i s  equal t o  
10-2 percent, respectively,  whereas the  effect iveness  of recording y-quanta i s  

approximately 104 times less. The t o t a l  m a x i m u m  loading of the  counter must not 

exceed 105 pulses/sec. The fast neutron counter with a toluylene c rys t a l  i s  u t i 
l i z e d  i n  measurements on the nuclear reactor .  

The slow neutrons s c i n t i l l a t i o n  counter a l so  cons is t s  of two versions: a 
sensor of r e l a t ive ly  large dimensions and a s m a l l  sensor. I n  the  f i rs t  version, 
the type FEU-29 photomultiplier i s  used, whereas i n  the second version the type 
FEU-31 photomultiplier i s  used. The s c i n t i l l a t o r  i n  the slow neutron counters 
consis ts  of glass whose composition i s  Li20*3Si02 ( r e f .  lo), and the recording 

of slow neutrons i s  achieved by means of the L i 6  + n + cy + H3 reaction. In  our 

sensors we u t i l i z e d  glass enriched 100 percent with L i6 . The dimensions of the 



Figure 3. Schematic cross sect ion (upper drawing) and the 
external  view (lower picture)  of fast  neutron counter with 
op t i ca l  waveguide : 1, s c i n t i l l a t o r ;  2, op t i ca l  va.veguide;
3, op t i ca l  waveguide tube; 4, re f lec tor ;  5 ,  photomultiplier;
6, photomultipler case.  

Figure 4. Block diagram of f a s t  neutron counter 
with toluylene c rys t a l :  S, radiat ion source; C, 
c rys t a l ;  FEU, photomultiplier with c i r c u i t  f o r  
discriminating against  the y-background radiat ion;  
CF, cathode follower; LA, l i n e a r  amplifier;  I D ,  
i n t eg ra l  discriminator;  C, counter. 

s c i n t i l l a t i o n  glasses  were as follows: thickness ( i n  both cases) 3 mm, diameter 
of 25 and 20 mm, respect ively.  The dimensions of the s m a l l  sensor a re  the same 
as the dimension of the sensor for the fast  neutron counter with the  FEU-3 
photomultiplier ( f i g .  1). 

A slow neutron counter u t i l i z i n g  the  FEXJ-35 photomultiplier was constructed 
for taking measurements under conditions of  "semi ' inf ini te"  geometry. The ex
t e r n a l  diameter of t h i s  counter 's  case i s  40 mm, and i t s  length i s  140 m.  /264 

A sensor of t h i s  type, for example, w a s  used t o  measure the d i s t r ibu t ion  cf 
thermal neutrons i n  polyethylene ( ref .  11). 

During measurements the  slow neutron counter i s  connected t o  a c i r c u i t  with 
a s ingle  channel analyzer whose channel width can be control led over a wide range. 
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I n  t h i s  scheme we u t i l i z e d  a standard s ingle  channel AADO-1 analyzer. Before 
measurements are  made, the amplitude d i s t r ibu t ion  of counter pulses i s  read and 
the threshold and analyzer channel width are  selected i n  such a way t h a t  only 
those pulses are  recorded whose amplitude corresponds t o  the peak i n  the d i s t r i 
bution. 

For measurements i n  the ba r r i e r  geometry the slow neutron counter i s  placed 
i n  a collimator made of cadmium and boron carbide. The case of the collimator 
i s  made of cadmium with a thickness of 1.5-2 mm, and the boron carbide i s  poured 
inside between the cadmium walls. The thickness of the boron carbide layer  i s  
approximately 5 cm. The use of a coll imator whose composition contains an e f 
fec t ive  moderator i s  not permissible, because t h i s  leads t o  the d i s to r t ion  of 
t rue  r e su l t s .  A cadmium shu t t e r  which can be lowered t o  cover the opening i n  
the collimator by means of a cord i s  attached above the collimating opening. 
By taking measurements with a lowered and l i f t e d  shu t t e r  the cadmium r a t i o  i n  
the f lux  of neutrons behind the shielding may be measured. 

The collimator with the sensor i s  attached t o  a portable l i f t i n g  device 
with a rack (f ig .  5 )  so tha t  the sensor can be moved i n  the v e r t i c a l  direct ion.  
This i s  necessary when measuring the d i s t r ibu t ion  of slow neutron f lux  behind 
the shielding of a plane source, which i s  nonhomogeneous along the ve r t i ca l  d i 
rection. The height of the sensor i s  measured by means of a scale  in s t a l l ed  on 
the rack. 

Figure 5 .  ESrternal view of thermal neutron counter 
i n  collimator on v e r t i c a l l y  adjustable device. 
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The s e n s i t i v i t y  of the slow neutron counter t o  y-rays i s  usual ly  controlled 

by taking the amplitude d i s t r ibu t ion  of pulses from the y-radiat ion of Zn65 of 

Co60 , i .e.,  from y-quanta with energies of 1-1.25 MeV. I n  sp i t e  of the f a c t  
t h a t  during measurements, f o r  example, with a Po + Be source or on a reactor ,  
there  are  y-quanta with energies of 4.46 MeV present i n  the first case, and 
y-quanta with energies  up t o  7-10 MeV i n  the second case, a control  of t h i s  type 
i s  suf f ic ien t .  

This is  confirmed by the following considerations.  The spec i f i c  weight 

of the s c i n t i l l a t i o n  g l a s s  is approximately 2.5 g/cm 3, i .e. , i n  i t s  y-radiat ion 
absorption propert ies  g l a s s  i s  close t o  aluminum whose spec i f i c  weight i s  /265 
2.7 g/cm 3. The value of y-radiat ion at tenuat ion coef f ic ien ts  of aluminum f o r  
these energies i s  less (see tab le  below) than f o r  y-radiat ion with an energy 
of 1-1.25 MeV ( r e f .  12) ,  i .e. ,  with a l l  other  conditions equal (which can thus 
be maintained by control) ,  the  number of recorded y-quanta with energies of 
4.5-10 MeV w i l l  be a t  l e a s t  two times l e s s  than the number of recorded y-quanta 
with energies of 1-1.25 MeV. 

I n  addition, the mean f r ee  path length of e lec t rons  with energies of 4.5
10  MeV i n  aluminum i s  8.3-19.2 mm ( r e f .  12) ,  whereas f o r  e lec t rons  with energies 
of 1.25 MeV the mean free path length  i s  equal t o  2.02 mm. Consequently, the  
l i g h t  f lashes  produced by the absorption of y-quanta of higher energies are,  on 
the average, smaller i n  amplitude than the l i g h t  f lashes  during the absorption 
of y-quanta with energies  of 1.25 MeV, because the g rea t e s t  p a r t  of secondary 
e lec t rons  i n  the s c i n t i l l a t o r  i s  not completely retarded. A n  e f f e c t  of t h i s  
type can be observed even when measurements are  made with the y-radiat ion of 

N s ~ ~ ( E . , ,= 2.76 MeV), even though the at tenuat ion coef f ic ien t  f o r  the p-radiation 

of Na24(p = 0.1  cm-I) and the mean f r ee  path length of secondary e lec t rons  with 
corresponding energies (R = 4.75 mm) are c loser  t o  the analogous values f o r  the 

60
y-quanta of Zn65 and Co . 

However, i n  a s e r i e s  of cases when the f lux of y-quanta subs t an t i a l ly  ex
ceeds the f lux  of slow neutrons, the number of y-quanta counts becomes comparable 
with the number of slow neutron counts. When measurements are  made under these 
conditions, i n  order t o  eliminate the background y-radiat ion a bismuth screen 
with a thickness of approximately 100 mm i s  i n s t a l l e d  i n  the  counter along the 

ABSORPTION COEFFICIENT AND FREE PATHS R OF 
ELECTRONS I N  ALUMINUM FOR DI35E%NT ENERGIES. 

E,, MeV p, cm-1 R J  " /I p, cm-1 

1.25 0.149 7.5 
4.5 0.079 8.44 0.062 
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path of the f lux .  When the r e s u l t s  of measurements are  processed, a correct ion 
i s  introduced f o r  the at tenuat ion of the neutron f l u x  by the bismuth ( r e f .  1). 

The all-wave neutron counter i s  used t o  e s t ab l i sh  the at tenuat ion law f o r  
the f lux  of neutrons with energies from zero t o  the m a x i m u m  value i n  the spectrum 
of the source. The all-wave neutron counter u t i l i z e s  a SNM-5 gas discharge 
counter f i l l e d  with the BF3 gas. The SNM-5 counter is  placed i n  a paraf f in  cyl

inder whose wall  thickness i s  80 mm. The end of the counter i s  covered with a 
cadmium cap whose thickness i s  1.2 mm. The end of the paraf f in  cylinder facing 
the source contains e ight  depressions (with a diameter of 20 mm and a depth of 
80 mm) f o r  smoothing out the var ia t ion  i n  the effect iveness  of the counter as a 
function of neutron energy i n  the region of small  energies.  We note t h a t  the 
var ia t ion  i n  the effect iveness  of an all-wave counter as a function of neutron 
energy was not investigated by us; however, s ince the construction of our 
counter i s  close t o  the construction of the counter described i n  reference 13, 
we may assume t h a t  the var ia t ion i n  effect iveness  a s  a function of energy i s  the 
same. 

The paraf f in  cylinder i s  wrapped withacadmium laye r  2.5 mm thick on the 
outside and i s  placed i n  a shielding cy l indr ica l  screen made of paraf f in  with 
boron carbide. The s igna l  from the SNM-5 counter is  preampJified i n  a pre
amplifier located r i g h t  a t  the counter and i s  transmitted by means of a coaxial  
cable t o  the amplifier and the in t eg ra l  discriminator.  The y-background radi
a t ion  is  eliminated by se lec t ing  the corresponding threshold f o r  the operation 
of the discriminator,  which i s  achieved by placing a source of y-radiation 

(usual ly  Co60) close t o  the all-wave counter t o  produce a dose power of 200 
pR/sec a t  the SNM-5 counter. 

The all-wave counter together with the preamplifier is  placed on a l i g h t  
ca r t .  The height of the counter with respect t o  the f l o o r  may be varied i n  
d iscre te  s teps  by means of a rod. 

A f a s t  neutron dosimeter i s  used t o  measure the at tenuat ion of E
f a s t  neutron dose power i n  t e s t  mater ia ls  and f o r  measuring the dose power of 
f a s t  neutrons behind the shielding. Based on the r e s u l t s  presented i n  references 
1 4  and 15 which showed t h a t  l iqu id  and p l a s t i c  organic s c i n t i l l a t o r s  may be used 
f o r  the dosimetry of f a s t  neutrons, we fabricated a s c i n t i l l a t i o n  dosimeter 
with a p l a s t i c  s c i n t i l l a t o r  (polystyrene + terphenyl + Roror), i n s t a l l e d  on the 
FEU-25 photomultiplier. The s c i n t i l l a t o r  consis ts  of a sphere with a diameter 
of 38 mm which has a cut  sect ion along the diameter of the FEU-25 photocathode. 
The op t i ca l  contact between the s c i n t i l l a t o r ,  and the photocathode i s  achieved 
by means of mineral o i l .  The photomultiplier and the s c i n t i l l a t o r  a re  placed 
in to  a thin-walled aluminum case. 

The photomultiplier current i s  integrated a t  the input of the scheme and 
i s  amplified by a dc current amplifier.  The s e n s i t i v i t y  of the d c  current 
amplifier i s  controlled by varying the resis tance i n  i t s  input c i r c u i t .  The am
p l i f i e d  current of the photomultiplier which i s  proportional t o  the dose parer 
of f a s t  neutrons, i s  measured withanM-24 microammeter connected t o  the p l a t e  
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c i r c u i t  of the dc current  amplif ier .  When the supply voltage t o  the photomdLti
p l i e r  i s  1350 V, the  maximum s e n s i t i v i t y  of the dosimeter i s  0.5 mill ionth of 
the physical equivalent of R/sec per  d iv is ion  of t he  device. The photomultiplier 
is powered by a cascade voltage mul t ip l ie r  which uses the  ABC-5-la selenium 
stacks; the  voltage is  s t ab i l i zed  by means of a voltage-stabil izing tube. Before 
measuring the dosimeter i s  ca l ibra ted  i n  a flux of f a s t  neutrons from the Po + Be 
source. 

The f a s t  neutron s c i n t i l l a t i o n  dosimeter of t h i s  type has one subs t an t i a l  
shortcoming, s p e c i f i c a l l y  t h a t  the  dosimeter i s  equally sens i t i ve  t o  f a s t  neu
t rons  and t o  y-quanta. For t h i s  reason measurements i n  the  presence of back
ground y-radiation must be carr ied on with two dosimeters simultaneously-- with 
a f a s t  neutron s c i n t i l l a t i o n  dosimeter and with a y-dosimeter i n sens i t i ve  t o  
f a s t  neutrons. Furthermore , the  y-dosimeter must have a "hard operation," which 
i s  the same as  the "hard operation" of the neutron dosimeter. The type SP y
dosimeter with a 1 l i t e r  ion iza t ion  chamber and with t h i n  aluminum walls  (ref.
15) 	satisfies the necessary requirements. The result of the  measurements, i .e.,  
the dose power of f a s t  neutrons, i s  obtained i n  the form of the  difference be
tween the readings of t he  s c i n t i l l a t i o n  neutron dosimeter and of the  y
dosimeter reduced t o  the same current .  

The e f f e c t  of background y-radiation on the dosimeter reading may a l s o  
be eliminated by carrying out addi t iona l  measurements using a bismuth screen 
( ref .  1). 

A s c i n t i l l a t i o n  y-dosimeter without "hard operation" i s  used t o  measure 
the dose powers of y-radiation i n  place of ion iza t ion  y-dosimeters, since,  i n  
t he  f i r s t  place, the dosimeter has no "hard operation'' and, i n  the second place, 
it has a r a the r  high s e n s i t i v i t y  with a subs t an t i a l ly  smaller sens i t i ve  volume. 
As  shmn i n  reference 16, i n  order t o  eliminate the e f f e c t  of y-quanta energy 
on the s e n s i t i v i t y  of a s c i n t i l l a t i o n  dosimeter, the l a t t e r  uses a combined scin
t i l l a t o r  composed of an organic and an inorganic s c i n t i l l a t o r .  For t h i s  purpose 
an organic p l a s t i c  s c i n t i l l a t o r  based on polystyrene with an addition of ter
phenyl and Roror and an inorganic CsJ(T1)  c r y s t a l  s c i n t i l l a t o r  i s  used. 

The p l a s t i c  s c i n t i l l a t o r  i s  fabricated i n  the form of a cylinder with a 
diameter and height of 50 mm. A hole with a diameter of 10 mm i s  d r i l l e d  along 
the  axis of the  cyl inder  t o  i t s  center, and a C s J ( T 1 )  c r y s t a l  with a volume of 

1.5 cm3 i s  placed i n t o  this hole. A t  the  top  the hole is  covered with a plug 
made of the  p l a s t i c  s c i n t i l l a t o r .  To improve the  o p t i c a l  contact, a l l  of the  
touching surfaces  of t he  s c i n t i l l a t o r s  are  lubricated with mineral o i l .  On the  
outside the s c i n t i l l a t o r  i s  covered with a r e f l ec to r .  A s c i n t i l l a t o r  of t h i s  
type i s  mounted on the  FEU-29 photomultiplier, whose current  i s  fed t o  a dc 
current amplifier when carrying out  measurements. The dc current  amplifier has 
seven s e n s i t i v i t y  ranges (ref. 17): 0.3, 1.5, 9.5, 30, 150, 750 and 3-103 
W/sec f o r  a midscale reading of the  M-24 device connected t o  the p l a t e  c i r c u i t  
of the  dc current  amplifier. The minimum measurable power of y-radiation dose 

i s  equal t o  2.lOm3 pR/sec, ., t he  s e n s i t i v i t y  of the  dosimeter var ies  /267
by a f a c t o r  of more than 102*Ey merely switching the  ranges. 
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To eliminate zero d r i f t  the  power supply f o r  the dc current amplifier i s  
s tab i l ized .  It has been observed during the operation of the dosimeter t h a t  the 
zero d r i f t  during two hours does not exceed 1 scale  d iv is ion  when operation i s  
carried out  i n  the f irst  range. The external  view of the y-dosimeter i s  sham 
i n  f igure 6. 

The FEU-29 photomultiplier i s  powered from a cascade mul t ip l ie r  s tab i l ized  
by means of the SG-5B voltage-stabi l iz ing tube. The sensor of the dosimeter i s  
i so t rop ic  with respect  t o  s ens i t i v i ty ,  and therefore  the dosimeter i s  usual ly  
used without a collimator during measurements. If, on the other  hand, c o l l i 
mation i s  necessary i n  the course of the experiment, the sensor i s  placed i n  a 
lead collimator whose output opening has a diameter of 50 mm; t h i s  dimension 
cannot be decreased, because the dosimeter operates without the hard mode only 
i n  the case when the f lux  of y-quanta streams over the s c i n t i l l a t o r .  

The dose power of y-radiat ion inside a hollow cyl indr ica l  source of y
rad ia t ion  i s  measured by means of the second version of the s c i n t i l l a t i o n  y
dosimeter without "hard operation. '' The second var ia t ion  of the dosimeter 
d i f f e r s  from the f i r s t  i n  the dimensions of the s c i n t i l l a t o r  and i s  placed 
i n  a special  collimator during measurements. The diameter of the p l a s t i c  scin
t i l l a t o r  i s  30 mm and i t s  height i s  25 mm. The volume of the CsJ (T1)  c rys t a l  

i s  0.85 cm3. The collimator consis ts  of a s t e e l  cylinder ( f ig .  7) with the 
dosimeter sensor s i tuated inside it, such t h a t  the lower edge of the collimator 
coincides with the surface of the photomultiplier photocathode. A cas t  i ron  
p l a t e  i s  attached t o  the bottom of the cylinder by means of s t e e l  rods. The 
distance between the p la te  and the cylinder i s  equal t o  the height of the scin
t i l l a t o r .  T h i s  collimator construction measures the dose power from a narrow 
annular layer  of the cy l indr ica l  source. 

During the measurements the collimator with the sensor is  suspended by 
s t e e l  cables and i s  lowered along the axis of the y-radiat ion source. The scin
t i l l a t i o n  y-dosimeter i s  sens i t ive  t o  f a s t  neutrons and, a s  shown i n  reference 15, 

Figure 6. External view of the y
dosimeter without "hard operation. " 
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Figure 7. Schematic cross sect ion of device f o r  
measuring dose power of y-radiation inside hol
low cyl indr ica l  source: 1, dosimeter sensor; 2, 
s ide shielding; 3, bottom shielding. 

may be used t o  measure the dose power of y-radiation i n  the presence of f a s t  
neutrons only when the f lux  of y-quanta i s  approximately 8-10 times grea te r  than 
the flux of f a s t  neutrons. 

The universal  rack i s  designed f o r  operation with some of the described 
devices ( for  example, with the s c i n t i l l a t i o n  y-quanta counters of fas t  and 
thermal neutrons), as wel l  as f o r  the determination of the induced a c t i v i t y  i n  
the radioactive t racers .  By using switches the devices assembled on the uni
versal  stand may be hooked up i n  several  d i f f e ren t  combinations t o  make /268 
spec i f ic  measurements. 

Figure 8 shows the block diagram of the universal  rack. Signals from the 
sensors a re  fed t o  terminals A and A' or B, and the s ignals  from the sensors 
which a re  fed t o  the terminals A and AI go t o  the mixer M. The s ignals  from 
the mixer f o r  the input B are fed t o  the l i n e a r  pulse amplif ier  LPA. The 
amplifier has two outputs, one of which is  connected t o  the in t eg ra l  pulse d i s 
criminator PD, while the other  i s  connected t o  a s ingle  channel pulse analyzer
PA. The outputs of the discriminator and the analyzer may be connected e i t h e r  
t o  the counter C, o r  t o  the logarithmic count r a t e  meter LCRM. I n  addition t o  
these c i r c u i t s  the universal  rack contains s tab i l ized  r e c t i f i e r s  f o r  powering of 
these c i r c u i t s  and of cathode followers i n  the  sensors and i n  the high voltage 
s tab i l ized  r e c t i f i e r s  f o r  powering the photomultipliers.  

The individual  c i r c u i t s  of the universal  rack have the following charac
t e r i s t i c s .  

The l i n e a r  pulse amplif ier  LPA consis ts  of a preamplifier with a gain of 
3 and of a basic  amplifier.  The variable res is tance i n  the feedback loop of the 
amplifier m a k e s  it possible t o  control  i t s  gain from 75 t o  250. A cathode f o l 
lower u t i l i z i n g  the 6N6P double t r iode  i s  connected t o  the output of the amplifier.  
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Figure 8. Block diagram of universal  rack: M, 
mixer; LPA, l i n e a r  pulse amplifier;  ID, i n t e g r a l  
discriminator;  AA, single-channel amplitude an
alyzer;  C, counter; LCRM, logarithmic count r a t e  
meter. 

Two iden t i ca l  and independent s ignals  are obtained a t  the  cathodes of 6 ~ 6 ~ .  
The upper boundary of the amplifier pass band i s  equal t o  approximately 5MC; 
the  amplifier i s  l i n e a r  up t o  s igna l  output voltages of 100 V. 

The mixer s tage M uses the 6 ~ 1 3 ~double t r i ode  with a common cathode load. 
The amplitude cha rac t e r i s t i c s  of the mixer stage are l i n e a r  up t o  5.5 V a t  the 
output. 

The in t eg ra l  discriminator I D  uses a c i r c u i t  of successive l imi t ing  with 
the D2Zh diode. A s igna l  which has passed through the l i m i t e r  t r i gge r s  the 
s ingle  f l i p - f lop  o s c i l l a t o r .  The cutoff voltage of the  l i m i t e r  i s  measured by 
means of a voltmeter. A s igna l  with standard amplitude (approximately 25 V) 
and duration (approximately 1.2 psec) may be fed t o  the counter or t o  the log
arithmic count r a t e  meter from the output of the i n t e g r a l  discriminator.  

The s igna l  from the second output of the amplif ier  i s  fed t o  the s ingle-
channel pulse amplitude analyzer. The analyzer c i r c u i t  cons is t s  of two suc
cessive diode l imiters  with d i f f e ren t  cutoff voltages. The width of the  an
alyzer  channel is  controlled and may be s e t  equal t o  1, 2, 3, 5 ,  7, 10  and 24 V. 
The cutoff voltage (analyzer threshold) i s  fed t o  the l i m i t e r  from a variable 
voltage divider .  A l l  of the r e s i s t o r s  i n  the d i v i d e r  a re  wire-wound and are 
selected with an accuracy up t o  0 .2  percent. 

The amplitude cha rac t e r i s t i c s  of the s ingle  channel analyzer is  l i nea r  up 
t o  100 V a t  the output. The magnitude of the pulse a t  the output of the an
alyzer  i s  approximately 30 V. The resolving t i m e  of the analyzer i s  approxi

mately equal t o  3-10-6 sec. The counter c i r c u i t  i s  s imi la r  t o  the c i r c u i t  of 
the PS-10,000 device. The conversion f ac to r  i s  104. 

The logarithmic count r a t e  meter LCRM uses a c i r c u i t  with diode measuring 
networks ( re f .  18). The output voltage from the count r a t e  meter which i s  pro
port ional  t o  the logarithm of the input s igna l  frequency, i s  measured by means 
ofanM-24 microammeter o r  is  recorded on char t  paper by means of an e lec t ronic  
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PSRI automatic potentiometer. The s t a t i s t i c a l  e r r o r  associated with the re
cording of potentiometer readings does not exceed 10 percent. 

The zero reading of the logarithmic count r a t e  meter corresponds t o  /269 
an input of 6 pulses/sec.; t o  s e t  the zero reading of the count r a t e  meter, a 
voltage controlled by a potentiometer i s  fed t o  the input of the dc current 
amplifier.  The range of pulse r epe t i t i on  r a t e s ,  fed t o  the input of the log
arithmic count r a t e  meter which can be measured without any switching, i s  equal 
t o  approximately ~0-80,000 pulses/sec. 

The logarithmic count r a t e  meter has 2 auxi l la ry  devices: a l e v e l  indi
cator  and a d i f f e ren t i a to r .  The d i f f e ren t i a to r  makes it possible t o  vary the 
r a t e  of s igna l  frequency var ia t ion  a t  the input  of the count r a t e  meter. The 
l e v e l  indicator  makes it possible t o  obtain a s igna l  when the frequency of the 
fnput s igna ls  t o  the count r a t e  meter reaches a de f in i t e  value. 

A l l  of the devices i n  the universal  rack, except the counter, are fed from 
s tab i l ized  r e c t i f i e r s .  The photomultiplier i s  fed from a standard VSF s t ab i 
l i zed  r e c t i f i e r .  

All c i r c u i t s  and un i t s  which have been described are assembled on one rack, 
whose external  view i s  shown i n  f igure  9. The dimensions of the rack are 
185 X 50 X 60 cm. The basic u n i t s  of the universal  rack are  mounted i n  such a 
way tha t  there  i s  f r ee  access t o  a l l  of the c i r c u i t s  during operation. 

From the descr ipt ion given f o r  the universal  rack it i s  c lear  t h a t  it can 
be used t o  determine the following quant i t ies :  

(1) the a c t i v i t y  of t r ace r s  by measuring the number of y-quanta with 
energies exceeding assigned values; 

( 2 )  the a c t i v i t y  of t r ace r s  by measuring the number of y-quanta of given 
energy ( i . e . ,  according t o  one y - l ine ) ;  

(3) the a c t i v i t i e s  of t r ace r s  by measuring the number of B-particles with 
energies grea te r  than the specif ied value; 

(4) the h a l f - l i f e  of the induced t r ace r  a c t i v i t y  by means of the same 
measurements as used t o  determine ac t iv i ty ,  which a l so  permits the simultaneous 
measurement of t r ace r  a c t i v i t y  and i t s  ha l f - l i f e ;  

( 5 )  the nature of the induced ac t iv i ty ,  i . e . ,  t o  i den t i fy  the induced 
a c t i v i t y  according t o  the y- and &spectrum and according t o  the h a l f - l i f e ;  

(6) the at tenuat ion of y-quanta f lux  of specified energy by means of a 
s c i n t i l l a t i o n  counter; 

( 7 )  the a t tenuat ion of neutron fluxes by means of corresponding counters. 
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Figure 9. External view of universal  rack. 

The device j u s t  described i s  ca l led  the universal  rack because of the 
r e l a t ive ly  large number of problems solved with it. However, the universal  
rack i s  bas ica l ly  designed t o  operate with radioactive t r ace r s  (ref.  19). 

By using the devices described above it is possible t o  determine /27O 
most of the quant i t ies  which characterize the  shielding propert ies  of materials 
and t o  c l a r i f y  the  qua l i t i e s  of spec i f ic  shielding. 

V.  M. Isakov, D.  I. Chupyrin, A. I. Vasil'yev, V. N.  Kozyrev and Yu.  G. 
Anisimov par t ic ipated i n  the mounting and adjustment of the devices. The 
authors take t h i s  occasion t o  express t h e i r  grat i tude t o  them. 
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APPLICATION OF RADIOACTIVE TRACERS IN 'TEE INVESTIGATION 
OF SHIELDING 

V. 	 N. Avayev, Y e .  V. Voskresenskiy, Yu. A. Yegorov and 
Yu. V. Orlov 

Radioactive t r a c e r s  a re  widely used t o  record neutrons during the  in- /27O 
vest igat ion of nuclear reac tor  shielding and the  shielding propert ies  of m a t e 
r ials.  This i s  not accidental :  radioactive t r ace r s  have advantages over other  
types of neutron detectors .  Such advantages first of a l l  include the  poss ib i l i t y  
of recording neutrons with energies grea te r  than a ce r t a in  de f in i t e  value 
(threshold t r ace r s )  or with energies i n  a ra ther  narrow in t e rva l  of values 
(resonance t r a c e r s ) .  Radioactive t r ace r s  are a l so  convenient because they have 
small dimensions and can be placed inside the  shielding i n  places not readi ly  
accessible t o  other  types of detectors .  A t  the  same t i m e ,  they do not form 
the undesirable cav i t i e s  and do not perturb the neutron flux. By u t i l i z i n g  
radioactive t r ace r s  of various dimensions it 2s  possible t o  measure neutron 
fluxes of various in t ens i ty .  The undisputed advantage of radioactive t r ace r s  
is  t h e i r  absolute i n s e n s i t i v i t y  t o  y-radiation. 

Radioactive t r a c e r s  may be used t o  measure neutron spectra.  However, when 
fast neutron spectra  are measured by means of threshold t r ace r s  t he  accuracy i s  
very s m a l l  ( ref .  l), because the  ac t iva t ion  cross sections are not known with 
su f f i c i en t  accuracy. Nevertheless, the spectrum can be evaluated by means of 
t r ace r s  (refs.  2 and 3) .  

A s ign i f icant  disadvantage of radioactive t r a c e r s  i s  t h e i r  s m a l l  e f fec
tiveness,  pa r t i cu la r ly  i n  the  case of threshold t r ace r s  whose act ivat ion cross 
sect ion does not exceed several  t ens  of  mil l ibarns  (ref.  4). The low effec
t iveness  of  tracers i s  explained t o  some degree by the  fact t h a t  the  induced 
a c t i v i t y  of t r a c e r s  i s  usually measured by means of gas discharge counters /27l 
which have an effect iveness  of  the  order of 1percent f o r  y-radiation, and i f  
the  geometry of the measurements i s  taken i n t o  account, it i s  subs tan t ia l ly  
less. A cer ta in  increase i n  the  effect iveness  is possible when t r a c e r  a c t i v i t y  
i s  measured by means of p counters (AS-1, STS-5, Sl-3V and others,  ref.  5). 
However, t h i s  i s  not always convenient, because when t r ace r s  of large dimen
sions are  used the  self-absorption of  f3 par t i c l e s  i s  very la rge .  

To increase the  effect iveness  of recording the induced a c t i v i t y  by means 
of t r ace r s  we u t i l i z e  s c i n t i l l a t i o n  counters: h -counter  f o r  measuring the 
a c t i v i t y  of cy l indr ica l  t r ace r s  and &-counters for measuring the  a c t i v i t y  of 
plane t r ace r s .  
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Measurements showed t h a t  t he  effectiveness of recording the  y-radiation of 
t r ace r s  by means of a 4x-counter i s  close t o  100 percent. This s i tua t ion  has 
made it possible t o  use tracers of r e l a t ive ly  s m a l l  dimensions f o r  measuring 
neutron fluxes.  The t r ace r s  had the form of cylinders with a diameter of 8 mm 
and a height of 5-50 mm (Al, P, J and others)  and i n  the form of hollow cyl
inders with the  same dimensions and a w a l l  thickuess of 0.1-0.3 mm (Au, I n  and 
others) .  The introduction of t r ace r s  of these dimensions i n t o  the tes t  shield
ing does not disrupt  the  d i s t r ibu t ion  of the  neutron f lux  i n  the shielding. 

The 4x-counter consis ts  of two FEU-43 photomultipliers with a CsJ (Tl) 
c rys t a l  of 60 mm diameter and of 30 m a  i n  height connected t o  each one ( f i g .  1). 
Both c rys t a l s  are packed i n t o  a single common container and are separated from 
each other by a t h i n  aluminum pa r t i t i on .  A hole with a diameter of 10 mm i s  
d r i l l e d  i n  the center along the  diameter of the crystals ,  and an aluminum tube 
with a w a l l  thickness of 0.5 mm i s  inser ted  in to  t h i s  hole.  To make mounting 
convenient, the  un i t  with the  c rys t a l s  i s  i n s t a l l e d  on two washers of Plexiglas,  
1 0  mm thick,  which serve as op t i ca l  waveguides. The un i t  with the c rys t a l s  
and the  photomultipliers is  placed i n t o  a s t e e l  shielded booth. The booth has 
the form of a cylinder, with the photomultipliers and c rys t a l s  placed along i t s  
ax i s .  Each of the photomultipliers i s  inser ted in to  a tube which can be moved 
in to  or removed f rom the booth. The f r ee  ends of the tube contain dividers  of 
the voltage supply f o r  the  photomultipliers and the  cathode followers. The 
sleeve nuts a t  the ends of the  cylinder press t he  c r y s t a l  un i t  against  the /272 

i 

Figure 1. Cross sect ion of 4sc-counter f o r  measuring 
a c t i v i t y  of cy l indr ica l  t r ace r s :  1, photomultiplier 
tube; 2, u n i t  with c rys ta l s ;  3, t r a c e r  i n  holder; 4, 
washer serving as op t i ca l  waveguide; 5 ,  i r regular ly  
shaped plug; 6, photomultiplier; 7, shielding; 8, 
sleeve nut; 9, space f o r  divider  and f o r  cathode 
follower. 
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photomultipliers, thus achieving good opt ica l  contact.  The thickness of the  
shielding a t  the  point where the  c rys t a l  un i t s  are s i tua ted  i s  200 mm. 

There i s  an opening a t  the  top of the shielding which i s  covered with an 
i r regular ly  shaped plug holding the  t r ace r .  The t r a c e r  i n  the  plug and the  plug 
i n  the  shielding are always in s t a l l ed  ident ica l ly ,  so t h a t  the  conditions of 
a c t i v i t y  measurements are always the  s a m e  during t h e  experiments. 

Cylindrical  t r a c e r s  a re  in s t a l l ed  i n  tubes made of Plexiglas with a diam
e t e r  of 9 m and a wall thickness of 0.5 mm. The t o t a l  height of the  Plexiglas  
holder i s  90 m. During i r r ad ia t ion  the t r a c e r  may be placed in to  an opening 
i n  the shielding with a diameter of 10 mm, i f  it i s  i r r ad ia t ed  without a cadmium 
or a boron cadmium f i l t e r ;  when t r ace r s  with f i l t e r s  are i r rad ia ted ,  the  oped
ing i n  the  shielding m u s t  have a diameter of 15 and 32 mm, respectively.  

The external  v i e w  of the  h-counter  i s  shown i n  figure 2. 

The number of pulses i s  recorded by means of t he  universal  rack with the 
s ingle  channel pulse analyzer connected in to  the measurement channel ( ref .  6 ) .  
Since the  amplification f ac to r s  of the photomultiplier may d i f f e r ,  the  pulses 
from both photomultipliers pass through a mixer before being fed t o  the am
p l i f i e r ;  t h i s  mixer smoothens out those pulse amplitudes due t o  the same 
absorption of y-quanta energy i n  both c rys t a l s .  

The same e lec t ronic  arrangement but without the  mixer, i s  also used t o  
measure the  a c t i v i t y  of plane radioactive t r a c e r s .  A counter containing an 
N a J  (Tl) c rys t a l  with a diameter and height of 40 mm and the FEU-41 mult ipl ier  
are  placed ve r t i ca l ly  i n  a shielding booth made of lead .  The lower pa r t  of 
the  booth contains two s m a l l  removable platforms, which a re  placed one over 
the  other  and which are used t o  hold the t r ace r s  during the  measurements. The 
upper platform i s  designed f o r  taking measurements without a collimator, and 
when a t r a c e r  i s  placed on the  lower platform the f lux of y-quanta from the  
t r a c e r  is  collimated. 

Figure 2.  External v i e w  of 4~-counter .  
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The ac t iva t ing  material of the plane t r a c e r  i s  applied on a Plexiglas base 
with a thickness of 1mm; t he  dimensions of the  t r a c e r  vary from 5 X 5 t o  40 X 
40 mm with a layer  thickness of 0.1-4 mm. 

S c i n t i l l a t i o n  counters have a high eff ic iency and with good shielding 
record a subs tan t ia l  amount of background radiat ion.  Therefore, when measuring 
the  a c t i v i t y  of a t r a c e r  the counters are connected t o  the spectrometers c i r cu i t ,  
so t h a t  instead of recording the  t o t a l  number of pulses from the  counter, only 
those pulses are recorded which correspond t o  the more intense y-line or a 
group of y-lines most cha rac t e r i s t i c  of a given t r ace r .  With t h i s  type of re
cording it becomes possible t o  reduce the  background radiat ion recording sub
s t an t i a l ly ,  while the number of useful recordings i s  ins igni f icant ly  reduced 
compared with the  in t eg ra l  count. Consequently the i so la t ion  of the y- l ine 
subs tan t ia l ly  improves the  r a t i o  of the useful  count t o  the background radia
t ion ,  and a l so  makes it possible t o  reduce the  requirements f o r  t he  chemical 
pur i ty  of the t r a c e r  material. 

The tab le  presents the basic  charac te r i s t ics  of radioactive t r ace r s  which 
a re  used, as w e l l  as the  energies of the most intense y-lines,  the character is
t i c s  of per t inent  reactions and the  energy in t e rva l  i so la ted  during recording. 
A s  we can see from the  t ab le  the gold t r a c e r  has the simplest decay /275
scheme. 

Figure 3 shows the  amplitude d i s t r ibu t ion  obtained by measuring the  induced 
a c t i v i t y  of gold by the  ksc-counter. The broken l i n e  i n  t h i s  figure shows the  
amplitude d i s t r ibu t ion  of background rad ia t ion  pulses.  By recording pulses i n  
the  amplitude in t e rva l  Au it i s  possible t o  achieve a decrease i n  the  back
ground radiat ion by more than a f ac to r  of 5, while the useful  count remains 
p rac t i ca l ly  the same. 

In the iodine spectrum (see t a b l e )  i n  addition t o  the basic y- l ine with 
energy of 0.455 MeV, other y- l ines  are present .  However, i n  select ing the 
in te rva l  Au = 0.28-0.78 MeV f o r  the  recording, these l i nes ,  a re  not recorded; 
however, a maximum r a t i o  of the useful  count t o  the background rad ia t ion  i s  
obtained. The in t e rva l  Au f o r  the  Mn55 t r a c e r  i s  selected on the bas i s  of  the  
same considerations. 

"here i s  no cha rac t e r i s t i c  y- l ine i n  the  decay scheme of In116, and a wide 
in te rva l  Au ( f i g .  4)  i s  selected i n  order not t o  reduce the "useful" count. 
Nevertheless, the peak i n  the  s o f t  region of the spectrum i s  not recorded, 
because the  background rad ia t ion  i s  very high i n  t h i s  region of amplitudes. 

The method described f o r  the i so l a t ion  of the  energy in t e rva l  during /276
the  determination of induced t r a c e r  a c t i v i t y  i s  par t icu lar ly  useful  when meas
urements are made with such t r a c e r s  as aluminum, i.e.,  when the y-lines due t o  
the basic react ion are accompanied by y- l ines  of elements formed as a result 
of associated reactions.  The following two reactions are used t o  record fast 

neutrons by means of aluminum t r a c e r s  A127 (n, p )  Mg27 and A127 (n, a) Na24. 

I n  addition t o  these reactions,  the  A127 (n, y) react ion a l s o  takes place 

403 



Energy interval  

TABLE 1. BASIC CHARACTERISTICS OF RADIOACTIVE TRACTERS. 

Associated reactions 

Effective 

Basic reaction I 
Effective 1.11 

Energ of y-quanta isolated during 

Reaction 	 threshold, Half-life 1 Energy of y-quanta, 1 Quanta output 1 Reaction threshold, Half-l ife eV and output recording, MeV resonance MeV per decay, % resonance per decay, % energy energy 
t 

5.3 MeV 9.51 min 	 0.84 70 ~ 1 2 7n, y) ~ 1 2 8  Thermal 
1.015 30 A127 [n, u) Na24 8.6 MeV 
0.175 0.66 

Alrr (n, u) N P 4  8.6 MeV 	 T h e d  
5.3 MeV 

330 eV 

2.1 15 
2.56 1 

1.45 eV 54 min 1.274 75 
and 0.87 28 
thermal 0.406 25 
neutrons 2.09 25 

1.48 21 

-30 eV 25 min 0.455 

0.99 0.29 


4.9 ev 2.69 days 1 0.412 
1.087 I "! I 
0.677 
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Figure 3. Amplitude d i s t r ibu t ion  for y-radiation 
measured by 4s-counter (broken l i n e  shows amplitude 
d is t r ibu t ion  of background rad ia t ion) .  
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i n  aluminum. When very pure aluminum i s  used-for the t r a c e r  the A127 ( n ,  y) 

Na24 reaction may be separated ra ther  e a s i l y  from t w o  others,  because the ha l f -

l i f e  of Na24 i s  equal t o  14.9 hr ,  whereas f o r  Mg27 and A128 it i s  9.51 and 2.3 
min, respectively.  However, it i s  ra ther  d i f f i c u l t  t o  divide the (n,  p) and 
(n ,  y )  reactions by periods, pa r t i cu la r ly  i f  the measured neutron spectrum 
contains a large number of thermal and above-thermal neutrons. This i r r ad ia 
t ion  condition may be encountered when measuring the d i s t r ibu t ion  of  fast neu
trons with energies b 5 MeV, for example, i n  iron-water shielding. In  t h i s  
case, even when a boron-cadmium f i l t e r  i s  used, it i s  impossible t o  avoid the 
ac t iva t ion  of aluminum as a result of the (n,  y) reaction; when y-radiation i s  
recorded without i so l a t ing  the  energy interval ,  the  count i s  bas ica l ly  due t o  

A128, and it is  d i f f i c u l t  t o  determine the a c t i v i t y  of Mg27. 

Figure 5 shows the  y-spectra from a plane aluminum t r ace r ,  measured by 
means of a s ingle  c rys t a l  s c i n t i l l a t i o n  counter. The f i r s t  curve was obtained 
10 min, the  second 17 min and the  t h i r d  34 min after the end of i r rad ia t ion .  
The peak with an energy of 0.84 MeV, corresponding t o  the basic Mg27 y-line, 
i s  c l ea r ly  seen, as w e l l  as the  peak with E

Y 
= 1.78 MeV, corresponding t o  the  
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Channel No. 

Figure 4. Amplitude d i s t r ibu t ion  for In116 y-radiation 
measured by h-counter .  

only A l  28 y- l ine.  On the  t h i r d  curve these peaks are subs tan t ' a l ly  decreased 
and a peak appears for E = 1.38 MeV, corresponding t o  the  Na2i y - l ine .  If 

Y 
we se l ec t  hu = 0.41-0.95MeV f o r  the recording, it i s  easy t o  i so l a t e  the Mg27 
y-line without a subs tan t ia l  l o s s  i n  the  useful  count. However, i n  t h i s  case 

the contribution made by the  Na24 and AlZ8 y- l ines  i s  subs tan t ia l ly  reduced. 
This method of measuring induced a c t i v i t y  of threshold t r ace r s  after i r r ad ia 
t i o n  i n  the  presence of a thermal and above-thermal neutron flux i s  most re l i 
able. A s  an example figure 6 shows the d i s t r ibu t ion  of the fast neutron f lux  
(En 2 '3.3 MeV) i n  water, measured by means of the  A127 (n, p )  Mg27 reaction. 
An aluminum t r a c e r  weighing 6 g w a s  used t o  measure the  d is t r ibu t ion  of the 
fast neutron flux f o r  a length up t o  120 cm. The experimental reactors  served 
as the  neutron source. The r e s u l t s  of invest igat ing the  relaxat ion length A. 
agree well with ex i s t ing  data. 

The experience of t h i s  work has shown t h a t  the  method of determining the  
induced a c t i v i t y  of radioactive t r a c e r s  by i so l a t ing  the most intense y-line 
o r  group of y- l ines  has j u s t i f i e d  i t s e l f ;  t he  e lec t ronic  equipment operated i n  
a s tab le  manner during the  course of measurements and did not introduce notice
able e r ro r s .  
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Channel N o .  

Figure 5 .  Amplitude d is t r ibu t ion  f o r  y-radiation of 

i r rad ia ted  Al.27. Measured with 211-~0unter after end 
of i r r ad ia t ions :  1, after 10 min; 2, after 17, min; 
3, a f t e r  34 min. 

The authors express t h e i r  g ra t i tude  t o  D. I. Chupyrin for i n s t a l l i n g  and 
adjusting the  e lec t ronic  equipment and thank N. Y e .  Vasin for developing the  
design of the 4s-counter. 
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Thickness of water layer, cm 


Figure 6. Distribution of fast neutron flux 


(En 2 5.3 MeV) with fission spectrum in water, 


measured by aluminum tracer (A127(n, p) M g q  
reaction): 1, relaxation length. 
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MEASUREMENT O F  FAST " R O N  FLUXES I N  SHIELDING WHEN THERE IS A 
BACKGROUND OF INTENSE 1NTERMEDIATE.NEUTRON FLUXES 

V. P. Mashkovich 

It has been reported i n  references 1-3  tha t  i n  experiments with &7
threshold t r ace r s  the  induced a c t i v i t y  i s  usually determined by constructing 
the decay curves. 

Based on the analysis  of decay curves we can exclude the e f f e c t  of ex
traneous impurit ies.  This method of determining a c t i v i t y  i s  used only when 
the h a l f - l i f e  of the basic a c t i v i t y  i s  d i f fe ren t  from the h a l f - l i f e  of a c t i v i 
t ies  associated with impurit ies or with the basic element as  a result of other  
react ions.  In  most cases, during the prac t ica l  u t i l i z a t i o n  of threshold de
tec tors  t h i s  requirement i s  sa t i s f i ed .  However, detectors  are encountered fo r  
which the ha l f - l ives  of  the associated a c t i v i t i e s  a re  close or equal t o  the 
h a l f - l i f e  of the basic a c t i v i t y .  

In determining the  basic  a c t i v i t y  of such threshold detectors we encounter 
two cases when the  resu l t ing  associated a c t i v i t y  consis ts  of (1) an isotope 
which i s  d i f f e ren t  from the isotope of the basic ac t iv i ty ,  but which has a 
close ha l f - l i f e ;  and (2 )  an isotope which i s  a l so  formed as a result of the 
basic reaction. 

Usually both cases a re  encountered when a t r a c e r  i s  i r rad ia ted  with 
f a s t  neutrons w i t h  a background of large thermal and intermediate neutron 
fluxes . 

The associated a c t i v i t y  produced by the thermal neutrons can be e a s i l y  
eliminated by placing the  detector  i n  a cadmium f i l t e r .  merefore  i n  pract ice  
the  problem i s  reduced t o  the measurement of a c t i v i t y  caused by f a s t  neutron 
fluxes on the  background of intense intermediate neutron f luxes.  

For these cases we propose t h e  following method of determining the  a c t i v i t y .  

In  the  f i rs t  case, when the basic  react ion produces an isotope d i f f e ren t  
from the  isotope of the  associated ac t iv i ty ,  the  i so l a t ion  of the basic ac t iv i t i i  
can best  be carr ied out  by the  spectrometric method: it i s  necessary t o  i so l e t e  
t h a t  rad ia t ion  energy of the  basic  a c t i v i t y  isotope which does not e x i s t  i n  
the  spectrum of the associated a c t i v i t i e s .  The a c t i v i t y  under invest igat ion 
may be evaluated from the  in t ens i ty  of the i so la ted  l i n e .  

I n  the  second case the  appl icat ion of the  spectrometric method i s  impos
sible due t o  the same composition of the  isotopes'  radiat ion.  The i so l a t ion  of 
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t he  basic a c t i v i t y  may be car r ied  out only when the basic  and associated reac
t ions  take place with neutrons of d i f f e ren t  energy ranges. The basic reaction 
usually takes place with fast neutrons and t h e  associated react ion usually takes 
place with intermediate neutrons. The specif ied energy groups must be a t ten
uated i n  a d i f f e ren t  manner within the  shielding material ( the  fast neutrons 
are attenuated considerably more than the  intermediate neutrons ) , which takes 
place f o r  many shielding materials with medium and large atomic weights. I n  
t h i s  case the, a t tenuat ion curve f o r  the neutron flux, measured with the spe
c i f i e d  detectors,  has two c l ea r ly  defined regions, characterized by a high 
at tenuat ion of fast neutrons ( f i r s t  region) and a weak attenuation of i n t e r 
mediate neutrons (second region) .  Beginning with some shielding thickness the  
e n t i r e  a c t i v i t y  of  the  threshold detector  i s  almost t o t a l l y  due t o  activa
t i o n  i n  the f l u x  of  intermediate neutrons ( t h i s  i s  controlled by the  course/278 
of the  at tenuat ion curve which i s  measured with a detector  of  only intermediate 
neutrons ) . 

In  t h i s  case the  region of the  at tenuat ion curve where a l l  of the a c t i v i t y  
i s  p rac t i ca l ly  due t o  ac t iva t ion  with intermediate neutrons i s  extrapolated 
in to  the  region of smaller thicknesses i n  accordance with the at tenuat ion curve 
measured by a detector  of intermediate neutrons only. If we subtract  from the 
corresponding values of threshold detector  a c t i v i t y  due t o  act ivat ion by fast 
and intermediate the  corresponding a c t i v i t y  due t o  intermediate neutrons, we 
obtain an attenuation curve o f  t he  flux for fast neutrons only. 

We note t h a t  t h i s  method i s  also applicable i n  the  f i r s t  case, 

In  par t icu lar ,  both of these methods w e r e  used i n  the  experimental deter
mination of three-dimensional fast neutron d i s t r ibu t ion  i n  i ron  with the  a id  of 

the threshold A127 (n, CY)Na24 t r a c e r  ( ref .  4) .  A s  we know, the fluxes of fast 
neutrons i n  i ron are attenuated considerably more than the  f luxes of neutrons 
with intermediate energy. A s  a r e su l t ,  even after penetrating r e l a t ive ly  s m a l l  
thicknesses of  iron, the  neutron fluxes of intermediate energy exceed substan
t i a l l y  the  f a s t  neutron fluxes,  and the  added t r a c e r  a c t i v i t y  i s  thus substan
t i a l  during the s ide reactions associated with neutrons of intermediate energy. 

The measurements of neutron fluxes i n  i ron  &e car r ied  out with the  ex
perimental arrangement described i n  reference 4. As  pointed out i n  reference 4, 
it i s  impossible t o  determine the a c t i v i t y  of aluminum t r ace r s  by constructing 
decay curves, because the  h a l f - l i f e  (12.8 h r )  of the  associated a c t i v i t y  formed 

i n  the  copper addi t ive as a result of the Cu63 (n, y) Cu64 reaction i s  d i f f i 
c u l t  t o  separate, i n  pract ice ,  from the  h a l f - l i f e  of Na2', which i s  equal t o  
15 hr .  

I n  t h i s  case a spectrometric method of determining a c t i v i t y  was used. A 
s c i n t i l l a t i o n  y-spectrometer containing a NaJ ( T l )  c rys t a l  (80 X 80 m) w a s  
used with a 100-channel amplitude analyzer ( r e f .  5 ) .  The aluminum detectors  
were placed i n  a f ixed posi t ion near the  s c i n t i l l a t o r .  The energy sca le  w a s  

controlled according t o  the Co60 y-radiation. The y-spectra of one of  the 
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threshold detectors as a function of t i m e  lapsed after the end of i r rad ia t ion .  
This i s  shown i n  figure 1, where w e  can c lea r ly  see the  peaks of photoelectrons 
produced i n  the c rys t a l  by y-quanta w i t  energies of 1.38 and 2.76 MeV, due t o  
the basic Na24 isotope, and peaks of Cug4 y-radiation with energies of 1.38 and 
0.51 MeV. The a c t i v i t y  of  aluminum t r ace r s  (due t o  the  basic  react ion)  w a s  
determined from the area under the  photoelectron peaks produced i n  the c rys t a l  

by the Na24 y-radiation with energy of 2.76 MeV. 

The r e l a t ive  sa tura t ion  ac t iv i ty  of the  t r a c e r  w a s  determined from the 
equation 

where N (r, h )  i s  the  sa tura t ion  a c t i v i t y  of the t r a c e r  placed a t  the point 
with coordinates r, h of  the i ron prism; P i s  the  area bounded by the photo-

peak of  Na24 y-quanta with an energy of 2.76 MeV; T i s  the i r rad ia t ion  time 
of the t racer ;  to i s  the t i m e  during which the t r a c e r  w a s  subjected t o  counts; 
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Energy of y-quanta, MeV 

Figure 1. Gama-spectra of act ivated aluminum t r a c e r  a t  d i f f e ren t  
ins tan ts  of t i m e  af ter  termination of i r r ad ia t ion .  
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t i s  the  t i m e  between the  end of i r r a d i a t i o n  and t h e  beginning of t r a c e r  
counting . 

Figure 2 shows t h e  y-spectra of de tec tors  which are placed i n  the  d i r e c t i o n  
of t h e  c e n t r a l  beam. These d a t a  are used t o  cons t ruc t  an a t tenuat ion  curve i n  
t h e  d i r ec t ion  of t h e  c e n t r a l  beam ( f i g .  3, curve l), from which we can see t h a t  
beginning with an i r o n  thickness of approximately 50 cm, measurements i n  t h e  
d i r ec t ion  of t h e  c e n t r a l  beam begin t o  revea l  t h e  a c t i v i t y  of the  addi t ive  Na23 

c ( 2  f l.').10-4'l i n  t h e  aluminum t r a c e r .  Due t o  the  Na23 (n, y) Na24 r eac t ion  

with intermediate neutrons, rad ioac t ive  l!Ta24 i s  a l s o  formed as a result of t he  
bas i c  reac t ion .  I n  t h i s  case the  use of  only a s ing le  spectrometric method 
makes it impossible t o  determine t h a t  por t ion  of  a c t i v i t y  due t o  the basic /279 
reac t ion ,  and itbecomes necessary t o  u t i l i z e  t h e  second method. 

Figure 3 (curve 1) shows the  a c t i v i t y  due t o  fast neutrons according t o  

the  reac t ion  A127 (n, CY) Na24 and due t o  intermediate neutrons according t o  the  

reac t ion  Na23 (n, y) Na24. C u r v e  1 has two regions: (1)[r = ( 0  t o  30-40 cz], 
which charac te r izes  a strong a t tenuat ion  of fast  neutrons and i s  due almost 
e n t i r e l y  t o  a c t i v a t i o n  by fast  neutrons; (2 )  ( r  > 90 cm), which charac te r izes  
t h e  in s ign i f i can t  a t t enua t ion  of intermediate neutrons due almost e n t i r e l y  t o  
ac t iva t ion  by neutrons o f  intermediate energy according t o  the  reac t ion  Na23 

(n, y) Na24 ( i n  t h i s  region t h e  behavior of t he  curve corresponds .to t h a t  of 
t h e  a t tenuat ion  curve which is-measured by a de tec to r  of only thermal and in 
termediate neutrons).  

Energy of y-quanta, MeV 

Figure 2. Gama-spectra of ac t iva t ed  aluminum t r a c e r s  as 
function of i r o n  sh ie ld ing  thickness r. 
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Thickness of i r o n  l aye r ,  cm 

Figure 3. Attenuation of neutron f luxes  i n  d i r e c t i o n  of 
c e n t r a l  beam i n  i ron  prism from experimental da ta :  1, 
with aluminum threshold t r a c e r s ;  2, with thermal and 
intermediate neutron de tec to r .  

Continuing t h e  region due t o  the  ac t iva t ion  by intermediate neutrons, i n  
t he  d i r e c t i o n  r < 90 cm ( f i g .  3, curve 2) i n  accordance with .data from the  
measurement of intermediate neutron fluxes,  and subt rac t ing  the  values on 
curve 2 from t h e  corresponding experimental po in ts  on curve 1, we obta in  a 
curve f o r  t he  a t t enua t ion  of fast neutron f luxes .  

The measurement of fast neutron f l u x  a t tenuat ion  f o r  r > 85 cm requi res  

aluminum t r a c e r s  with a s m a l l e r  addi t ion  of Na23. The same method w a s  used i n  
reference 4 t d  introduce a cor rec t ion  f o r  t h e  a c t i v a t i o n  of the  de tec tor  accord
ing  t o  the  assoc ia ted  r eac t ions  and during measurements i n  d i r ec t ions  perpen
d icu la r  t o  t h e  c e n t r a l  beam. 

This example i l l u s t r a t e s  how t h e  d i f f i c u l t i e s  which are encountered can 
be bypassed by using threshold t r a c e r s  f o r  t h e  measurement of fast neutron 
f luxes  i n  t h e  presence of a strong background of intermediate energy neutrons. 



I n  s p i t e  of a c e r t a i n  complexity assoc ia ted  with our  method it must be 
used frequently,  because t h e  threshold  t r a c e r s  have d e f i n i t e  advantages, /281 
t h e  bas ic  ones being i n s e n s i t i v i t y  t o  y-rays and s impl ic i ty  of operation. 

The author expresses h i s  deepest g ra t i t ude  t o  0. I. Leypunskiy and S. G. 
Tsypin f o r  valuable advice during t h e  discussion of the  present  work and t o  
Yu. K .  Yermakov who pa r t i c ipa t ed  i n  tak ing  t h e  measurements. 
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APPLICATION OF RANDOM SAMPLING TO TEE COMPUTATION OF SPECTROMETER 
CHARACTERISTICS FOR GAMMA-RADIATION AND FAST NEUTRONS 

V. N .  Avayev, Yu. A. Yegorov and Yu. V.  Orlov 

The study of continuous y-radiat ion and neutron spectra  can be car- /281 
r i e d  out most conveniently by using s c i n t i l l a t i o n  y-radiation spectrometers 
wfth t o t a l  absorption of y-quanta energy, i .e . ,  spectrometers with a s c i n t i l l a -
t o r  of Large dimensions (ref. 1) and spectrometers of f a s t  neutrons with a s in
g le  sensor (ref. 2 ) .  Spectrometers of y-radiat ion with c r y s t a l s  of la rge  d i 
mensions have a s e r i e s  of d e f i n i t e  advantages compared t o  s c i n t i l l a t i o n  
spectrometers of other types; however, t h e i r  basic  advantage i s  t h a t  with the 
high effect iveness  of recording y-quanta the magnitude of photocontribution i s  
rat‘ner large.  In  s p i t e  of the small effect iveness  of the f a s t  neutron spectrom
e t e r  described i n  reference 2, it i s  convenient f o r  taking measurements, because 
it has only one sensor and does not require the coll imation of the neutron f lux.  
The processing of measurement r e s u l t s  obtained by spectrometers i s  possible,  i f  
we know the form of the instrument l i n e s  of the  monochromatic radiat ions f o r  a 
s e r i e s  of energy values and the var ia t ion  i n  the effect iveness  as a function of 
y-radiation and neutron energy. I n  the case of the s c i n t i l l a t i o n  y-spectrometer 
i n  the range of y-quanta energies from approximately 100 KeV t o  3 MeV, the form 
of the instrument l i n e  and the  effect iveness  may be determined experimentally 
( r e f .  3) by measuring the y-spectra of the radioactive sources of y-radiat ion 

(Cel4’, Hg203, CS137, Zrg5, Zn65, Na24 and o thers ) .  On the other  hand, f o r  
la rge  y-radiat ion and fast  neutron energies the experimental determination of 
effect iveness  and of the  form of the l i n e  i s  associated with grea t  d i f f i c u l 
t i e s .  The calculat ion of these quant i t ies  f o r  both spectrometers may be car
r ied  out by the method of random sampling (Monte Carlo method). Below we  
consider t h i s  method of computing the c h a r a c t e r i s t i c s  of spectrometers ( r e f s .
4 and 5 ) .  

To make the analysis  simple w e  s h a l l  solve the plane problem i n  both 
cases, i .e. ,  we s h a l l  assume t h a t  a l l  of the sca t te r ing  and absorption proces
ses take place i n  t h e  xy plane. The solut ion of the  three-dimensional problem 
does not d i f f e r  i n  pr inc ip le  from the solut ion of the plane problem. 

Computation of the y-spectrometer Character is t ics  

L e t  us  assume t h a t  a collimated flux of y-quanta with energy Eo fa l l s  on 

the ax is  of a cy l indr ica l  s c i n t i l l a t o r  with diameter D and height H. L e t  us 



-- 

consider the "fate" of one y-quantum which has entered the sc in t i l l a to r .  We 
determine the coordinate of the f irst  interact ion of y-quantum with the mater
i a l  of the sc in t i l l a to r ,  to, from the equation 

1 1i,, = 
PILE01 

In--,
I---Yl 

where p (Eo) i s  the t o t a l  l inear  attenuation coefficient of y-radiation /282 

by the sc in t i l l a to r  material; yl i s  the first random number (ref.  6) and 
0 5 y1 5 1. 

I f  t o  5 H, the y-quantum has interacted with the sc in t i l l a to r ;  i f ,  on the 

other hand, t o  > H, the y-quantum has gone beyond the limits of the sc in t i l l a to r .  

Let us assume tha t  t o  H, i .e. ,  t ha t  the y-quantum has interacted with the 

sc in t i l l a to r .  Sine the y-quantum may in te rac t  with th i s  s c i n t i l l a t o r  by one of 
three processes (photoeffect, Compton ef fec t  and the e f f ec t  associated with the 
formation of pairs) ,  we now determine the interact ion process which has taken 
place. For t h i s  purpose we compare the random number y2 with the probabili ty 

tha t  a par t icular  process of interact ion has taken place 

where T (Eo) and a (Eo) are the l inear  attenuation coefficients of y-radiation 

due t o  the photoeffect and t o  Compton scattering, respectively. 

If inequality (2) is  sa t i s f ied  we have absorption of the y-quantum as a 
r e su l t  of the photoeffect; i f  inequality (3) i s  sa t i s f ied  we have Compton scat
tering of the y-quantum, and f ina l ly ,  i f  (4) i s  sa t i s f ied  the y-quantum has 
formed a pair .  

Let us assume tha t  inequality (3) i s  sa t i s f ied ,  i.e.,  tha t  scattering has 
occured. Let us determine energy El of the scattered y-quantum 
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where y3 
i s  the th i rd  random number; da/dE 1 i s  the d i f f e ren t i a l  KLein-Nishin-

Tam cross section f o r  the electrons.  

From the known relationships we now determine the angles 8 and (p f o r  the 
scat ter ing of the electron and of the y-quantum, respectively. The y-quantum 
scattered i n  the direct ion cp is  again considered as the y-quantum of the 
source, but t h i s  time with an energy El. We determine the energy fo r  the re

d .

c o i l  electron E, = Eo = E l .  Since during the retardation process within the 

s c i n t i l l a t o r  the electron loses  i t s  energy t o  re tardat ion radiation and ioni
zation, we determine energy ET, which i s  l o s t  by the electron fo r  the retarda

t ion  radiation. For s implici ty  we assume t h a t  t h i s  energy ET i s  imparted t o  a 
single y-quantum 

(k iOH= ion = ionization; pap, = rad = radiation) 

where @(Ee, E;) i s  the probabili ty f o r  the formation of a y-quantum of retarda

t ion  radiat ion by an electron with energy E,; and (=) 
rad 

are the averdE 

age ionization and radiat ion energies l o s t  by the  e lectron during i t s  motion i n  
the sc in t i l l a to r ,  respectively; y4 i s  the fourth random number. 

We assume tha t  the quantum with energy ET moves i n  the direct ion of e lec

t ron motion, i . e . ,  i n  the direct ion of angle 9, and we consider it as  the 
y-quantum of the source. On the other hand, the energy of the electron expended 
by it for  ionization i s  determined as  Eel = E, - ET. If equation (6) i s  not 

s a t i s f i ed  f o r  any values of ET, we assume tha t  the en t i r e  energy of the electron 

Ee i s  expended f o r  ionization. Since the path of the electron i n  the sc in t i l l a -

t o r  i s  complex, i n  determining the path length we use the assumption proposed i n  
reference 5. According t o  this the path of the electron i s  divided in to  2 parts: 
a r ec t i l i nea r  par t  and a pa r t  where the electron may be scattered i n  any direc
t ion.  If the length of the r ec t i l i nea r  path i s  contained within the s c i n t i l l a -
t o r ,  we assume t h a t  the  electron has not l e f t  the l i m i t s  of the s c i n t i l l a t o r  and 
tha t  i t s  e n t i r e  energy i s  absorbed by the sc in t i l l a to r .  If, on the other /283
hand, the r ec t i l i nea r  path i s  not contained en t i r e ly  within the s c i n t i l l a t o r ,  
O n l y  par t  of the energy, proportional t o  the path i n  the s c i n t i l l a t o r ,  is  
absorbed. 
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Let us assume t h a t  inequality (2) i s  sa t i s f ied ,  i .e . ,  the y-quantum of the 
source i s  absorbed by the s c i n t i l l a t o r  as  a r e su l t  of the photoeffect. The 
electron energy E, i s  determined as the difference of energies Eo - Ex, where 

Ex i s  the energy of the character is t ic  radiat ion of the s c i n t i l l a t o r  material. 

The "fate" of the electron i s  considered i n  the same way as the "fate" of the 
Compton electron, and i n  t h i s  case the direct ion of e lectron motion i s  assumed 
t o  coincide with the direct ion of y-quantum motion. The d i rec t ion  of charac
t e r i s t i c  y-quantum escape i s  determined from the relationships 

91 = 3600 y5 and cp = 360' y6. (7) 

The point a t  which the photoeffect has taken place i s  considered t o  be the 
point where the quantum of character is t ic  radiat ion has formed. We consider the 
character is t ic  y-quantum as  a source y-quantum. 

I f  the y-quantum has formed a pa i r ,  we determine the positron energy En 
using the random number y7 

where @(EA) i s  the probabili ty t h a t  a positron with energy EA has been formed. 

The electron energy i s  determined from the expression 

E, = EO-En-1.02 MeV. ( 9 )  

The direct ion of e lectron and positron motion i s  assumed t o  coincide with 
the direct ion of y-quantum motion. The "fate" of the electron and of the posi
t ron  u n t i l  the l a t t e r  i s  annihilated i s  considered i n  the same way as the "fate" 
of the Compton electron. The point a t  which the positron i s  annihilated i s  
considered t o  be the end of i t s  r ec t i l i nea r  path, and the emerging annihilation 
y-quanta are considered as the source y-quanta. The escape direct ion of a sin
gle annihilation y-quantum i s  determined from expression ( 7 ) ,  whereas the other 
y-quantum i s  considered t o  move i n  the opposite direct ion.  

Thus the motion of the source y-quanta i n  the s c i n t i l l a t o r  and the motion 
of i t s  scat ter ing products are considered successively u n t i l  they are e i the r  
absorbed i n  the c rys ta l  o r  leave i t s  l i m i t s .  For each source y-quantum the 
portion of energy used up fox ionization as a r e s u l t  of the secondary proc
esses is  determined. A calculation of t h i s  type i s  repeated for a large n u 
ber of source y-quanta. 
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The r e su l t s  obtained i n  t h i s  manner are used t o  construct the canputed 
spectra--histograms, which characterize the resolution of the spectrometer 
(without taking i n t o  account the physical resolution due t o  the resolut ion of 
the s c i n t i l l a t o r  and the photomultiplier). A comparison of the number of "ab
sorbed" y-quanta with the number of considered y-quanta determines the effec
tiveness of the spectrometer. 

I n  order t o  obtain histograms which accurately r e f l e c t  the t rue picture  of 
resolut ion and effectiveness of the y-spectrometer it i s  necessary t o  consider 
large number of source y-quanta. Such computations are usually carried out by 
electronic  computers. The method described above i s  used f o r  programming. 
However, it i s  not always possible t o  carry out the computations on the compu
t e r  f o r  s c i n t i l l a t o r s  of d i f f e ren t  dimensions and compositions as w e l l  a s  for  
y-quanta of d i f fe ren t  energies. Having carried out the computation f o r  a 
s c i n t i l l a t o r  of one composition and of cer ta in  dimensions, the r e s u l t s  may be 
extended t o  s c i n t i l l a t o r s  of other dimensions and compositions. However, f o r  a 
more accurate extrapolation it i s  necessary t o  make a t r i a l  calculation (even 
i f  t h i s  has t o  be done manually). I n  order t o  simplify t h i s  problem we con
s ider  the case of a two-dimensional s c i n t i l l a t o r .  Manual calculat ion i s  a l s o  
carried out by means of the methodology which has been described. Graphs and 
nomograms may be constructed t o  accelerate and simplify calculations by /286 
means of the above equations. 

Let us consider the successive s teps  of computing the charac te r i s t ics  of a 
y-spectrometer with a NaJ(T1) c rys t a l  by means of graphs. The point of f i r s t  
y-quantum in te rac t ion  with the s c i n t i l l a t o r  material may be determined from 
nomogram No. 1 (f ig .  1). The numbers on the curves correspond t o  the i n i t i a l  
energy of the y-quantum. The three-zone nomogram ( f ig .  2) i s  used t o  deter
mine the form of in te rac t ion  f o r  a given y-quantum energy. If a photoeffect 
has taken place the absorbed energy i s  determined a s  E, = 5 - 3 0  keV, where 30 

keV i s  the energy of the charac te r i s t ic  iodine radiation (we neglect the  char
a c t e r i s t i c  radiat ion of sodium). If Compton scat ter ing has occured, nomogram 
No. 3 ( f ig .  3) i s  used t o  determine the energy of the scat tered y-quantum. The 
angle of sca t te r ing  i s  computed. If there  has been a pa i r  formation, then 
nomogram No.  4 ( f ig .  4) i s  used t o  determine the positron energy, and expres
sion (9) i s  used t o  determine the electron energy. If the electron and posi
t ron  energy i s  greater  than 1MeV, the  energy of the retardat ion radiat ion 
quantum i s  determined ( f ig .  5 ) .  The motion of secondary y-radiation and of 
multiple scattered radiat ion i s  considered by means of these nomograms. 

The same type of nomogram can be constructed f o r  the CsJ (T1)  c rys ta l ,  
while nomograms Nos.3and 4 ( f igs .  3 and 4) remain unchanged. 

Figure 6, fo r  example, shows the histogram f o r  the CsJ (T1)  c rys t a l  with a 
diameter and height of 80 mm, computed manually with the  aid of nomograms f o r  
y-quanta with an energy of 7.6 MeV. The histogram obtained i n  the same manner 
f o r  y-quanta with energies of EY -- 1 M e V  and f o r  a N a J ( T 1 )  c rys t a l  with a 

diameter and height of 80 mm i s  shown i n  f igure 7. The additional maxima are 
c lear ly  traced on the histograms. 
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Random number 

Figure 1. Nomogram No. 1, determination of point of f i r s t  
y-quantum interact ion with s c i n t i l l a t o r  material. 

I 1 
Pair  

Photo-

Compton 

ffi 

0.2 

0.01 0, 1 I 

Energy of y-quanta, MeV 

Figure 2. Nomogram No. 2, deter
mination of y-quanta interact ion 
with s c i n t i l l a t o r  material. 
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Figure 3. Nomogram No. 3, deter
mination of scattered y-quantum 
energy. 
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Energy of y-quanta, MeV 	 0 2 4 6 d 1 0 
Electron energy, MeV 

Figure 4. Nomogram No.  4, de t e r - Figure 5 .  Nomogram No. 5 ,  deter 
mination of pos i t ron  energy. 	 mination of r e t a rda t ion  r ad ia t ion  

quantum energy. 

Energy of y-quanta, MeV 

Figure 6. Histogram for y-quanta with 
energ ies  of 7.6 MeV computed by nomo
grams for C S J ( T ~ )  c r y s t a l  ( c r y s t a l  d i 
ameter and height,  80 mm). 
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Obviously manual calculations do not give the necessary accuracy; however, 
the accuracy i s  quite suf f ic ien t ,  f o r  example, f o r  determining the magnitude of 
the photocontribution. Indeed a comparison of r e su l t s  obtained manually with 
the resul ts  presented i n  reference 7 shows f a i r l y  good agreement ( f ig .  8).  

Calculation of Neutron Spectrometer Characterist ics 

The s c i n t i l l a t o r  of the f a s t  neutron spectrometer with a single sensor 
always contains materials with hydrogen and boron. The source neutrons, which 
undergo multiple sca t te r ing  by hydrogen nuclei, produce a l i g h t  pulse which i s  
proportional t o  the neutron energy i n  magnitude. I f  the neutron energy i s  
rather  small a f t e r  scattering, the  neutron i s  captured byboronwhich r e su l t s  
i n  a second l i g h t  pulse due t o  the absorption of a -par t ic les  produced i n  the 
reaction B (n, a) Li. A cer ta in  amount of time elapses between the formation 
of the proton pulse and of the pulse from the a -par t ic le .  If both of these 
pulses are fed t o  a c i r c u i t  with delayed coincidence, we can se l ec t  from a l l  
of the pulses produced by the counter only those produced by neutrons which 
have l o s t  almost a l l  of t h e i r  energy i n  the s c i n t i l l a t o r .  By measuring t h e i r  
amplitude we can determine the energy of the source neutrons. Obviously the 
delay time plays an important role  i n  the operation of such a spectrometer, 
because it determines the resolution and effectiveness of the spectrometer. 

To determine the effectiveness and resolution of a f a s t  neutron 1287 
s c i n t i l l a t i o n  spectrometer, and a l so  t o  achieve a ra t iona l  select ion of the 
delay time, it i s  necessary t o  solve a problem which i s  formulated i n  the 
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Figure 7. Bistogram f o r  y-quanta w i t h  
energies of 1MeV computed by nomo
grams fo r  NaJ(T1)  c rys ta l  (diameter 
and height, 80 mm). 
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Figure 8. Variation and photo-
contribution as function of 
y-quanta energy fo r  N ~ J ( T ~ )crys
t a l  (diameter and height, 80 mm): 
1, data presented i n  reference 7;
2, r e su l t  of calculations by 
nomograms. 



following manner: a f lux of neutrons with energies Eo f a l l s  along the axis  of 

a cyl indrical  s c i n t i l l a t o r  whose composition includes nuclei of hydrogen, car
bon, oxygen and boron; it i s  required t o  determine the t i m e  to from the ins tan t  

of the first scat ter ing by hydrogen t o  the ins tan t  when the boron nucleus cap
tures  a neutron and t o  determine the portion of energy l o s t  by the neutron as  a 
r e su l t  of scat ter ing by hydrogen nuclei, and fur ther  t o  determine the r a t i o  
nb/n 0 where no i s  the flux of source neutrons, and nb i s  the number of neutrons 

captured by boron a f t e r  sca t te r ing  by hydrogen. Since the neutron scat ter ing 
cross sections by nuclei  of hydrogen and carbon are large compared with capture 
cross sections, and the capture cross section by boron nuclei i s  large compared 
with the scat ter ing cross section, we may assume t h a t  the hydrogen and carbon 
nuclei only s c a t t e r  the neutrons ( i n  view of the f a c t  t h a t  Eo 5 10 MeV the in

e l a s t i c  scat ter ing of neutrons by carbon nuclei  need not be considered) ,where
as  the boron nucleus only absorbs them. A t  the same time the scat ter ing and 
absorption of oxygen by the nuclei  need not be considered, because the t o t a l  
cross section of oxygen i s  small compared with the cross sectians of hydrogen, 
carbon and boron. 

The f i r s t  operation i n  obtaining the solution i s  accomplished according 
t o  equation (l), except t h a t  we must use C (Eo) i n  place of p (Eo), i . e . ,  we 

must use the t o t a l  cross section of neutron interact ion with the s c i n t i l l a t o r  
material. Having determined lo from the number y2 ( re f .  6 ) ,  we determine the 

nucleus with which the neutron in t e rac t s  the f i r s t  time. When 

( H  = hydrogen; B = boron) 

the neutron i s  scattered by hydrogen; when 

the neutron i s  scattered by carbon and when 

the neutron i s  absorbed by the boron nucleus. 
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We.use t h e  random number y3 t o  determine the  s c a t t e r i n g  angle 9 when a 

neutron i s  sca t t e red  by hydrogen 

i b  ;;;I .'('i'CI. I I - %/:!)-J 

and by carbon 

Knowing the  s c a t t e r i n g  angle 8,we determine the  neutron energy a f t e r  s c a t t e r 
ing .  For s c a t t e r i n g  by hydrogen 

and by carbon 

0.23 cos ii). 

If we assume t h a t  s c a t t e r i n g  i s  symmetric, we  can determine the  azimuthal 
angle of d i r e c t i o n  f o r  t h e  sca t t e red  neutron from the  random number y4 

cp = 360° Y 4  

This consideration i s  continued u n t i l  the  neutron leaves the c e l l  o r  i s  
absorbed by boron. For the  s c a t t e r i n g  of neutron by hydrogen w e  assume t h a t  
the  proton r e c o i l  energy i s  completely absorbed by the  s c i n t i l l a t o r .  For those 
source neutrons which were absorbed by boron a f t e r  s c a t t e r i n g  by hydrogen we find 
CE i, which i s  t h e  t o t a l  energy of r e c o i l  protons, i .e.,  t he  por t ion  of neutron 
i p  
energy which i s  expended t o  form the  proton pulse,  and Cti--the time spent by

i 

t he  neutron during s c a t t e r i n g  (t = 0 during the  f i rs t  s c a t t e r i n g  by the  1288 
hydrogen nucleus),  u n t i l  t h e  time when the  nucleus i s  captured by boron. A f ' t e r  
computing the number of "useful" cases and knowing no--the number of considered 

cases, we determine the  e f fec t iveness  of r e g i s t r a t i o n  6 = nb/nO. Indeed, the 

e f fec t iveness  of t he  spectrometer may be determined by t h e  graphic in t eg ra t ion  
of t h e  d i s t r i b u t i o n  curve i n t e r v a l  f o r  t he  number of neutrons captured by boron 
as a function of t i m e  wi th in  the  l i m i t s  of resolving t i m e  associated with the  
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coincidence c i r c u i t .  An i n t e r v a l  of width 27 is se lec ted  a t  the  point cor re
sponding t o t h e  de lay  t i m e  (T is  the resolving t i m e  of t h e  coincidence c i r c u i t ) .  
The por t ion  of neutron energy expended on t h e  formation of the proton pulse 
determines t h e  energy r e so lu t ion  of the spectrometer. 

The c h a r a c t e r i s t i c s  of t h e  fast neutron s c i n t i l l a t i o n  spectrometer must be 
computed i n  the  same fash ion  as f o r  t he  y-spectrometer u t i l i z i n g  an e l e c t r o n i c  
computer. Manual ca lcu la t ions  give us only a genera l  idea  concerning the na
t u r e  of such a spectrometer, bu t  s t i l l  makes it poss ib le  f o r  us t o  obtain sev
eral  usefu l  conclusions. 

With t h i s  purpose i n  mind a graphic computation w a s  made of spectrometer 
c h a r a c t e r i s t i c s  manually f o r  a l i q u i d  s c i n t i l l a t o r  placed i n t o  a c y l i n d r i c a l  
c e l l  with a diameter and height of 80 mm f o r  neutrons wi th  an energy of Eo = 4 

MeV. phis  s c i n t i l l a t o r  consisted of t r imethyl  borate mixed with an equal 
quant i ty  of xylene. The so lu t ion  of t he  problem, l i k e  the  so lu t ion  of  t he  
problem f o r  the y-spectrometer, u t i l i z e d  graphs constructed from t h e  presented 
equations. To s impl i fy  the  ca l cu la t ions  it was assumed t h a t  t he  neutron does 
not change i t s  d i r e c t i o n  of motion a f t e r  second sca t t e r ing .  

The "fate" of 1900 source neutrons w a s  investigated; t he  number of "use
f u l "  cases was 46. The t a b l e  shows the amplitude d i s t r i b u t i o n s  of neutron 
pulses which charac te r ize  the  r e so lu t ion  of t he  spectrometer. AEl i s  the  neu

t r o n  energy a t  which t h e  neutron i s  absorbed by boron, and AE2 i s  the  energy 

l o s t  by the  neutron a s  a r e s u l t  of s c a t t e r i n g  by carbon nucle i .  It was as
sumed t h a t  i n  view of t he  small l i g h t  output of t h e  s c i n t i l l a t o r ,  when it i s  
excited by carbon r e c o i l  nuc le i ,  t he  amplitude of t h e  l i g h t  s igna l  i s  de t e r 
mined only by the  absorption of r e c o i l  neutron energy, i .e. ,  the  loss  of neu
t r o n  energy as a r e s u l t  of s c a t t e r i n g  by carbon nuclei  t akes  place i n  a "use
l e s s "  fashion. 

From the  t a b l e  we can see t h a t  AE1 + AE2 i s  small compared with the  neu

t r o n  energy E of t he  source, i . e . ,  the  na tu ra l  r e so lu t ion  of the  spectrometer
0 

due t o  i t s  p r inc ip l e  of operation i s  small. Consequently t h e  spectrometer 
r e so lu t ion  i s  b a s i c a l l y  determined by t h e  r e so lu t ion  of t he  s c i n t i l l a t o r  and the  
r e so lu t ion  of t he  photomultiplier.  This conclusion, i n  p a r t i c u l a r ,  po in ts  t o  
the  d e f i n i t e  advantages of a fast neutron spectrometer with a s ing le  sensor:  
t h e  processing of measurement results is  s impl i f ied ,  because the  operation f o r  
transforming from r e c o i l  proton energy d i s t r i b u t i o n  i n t o  neutron energy d i s 
t r i b u t i o n  is  dropped. The v a r i a t i o n  i n  t h e  number of neutrons absorbed by 



Time a f t e r  f i rs t  s c a t t e r 
ing, psec 

Figure 9. Variation i n  number of neutrons 
absorbed by boron i n  t i m e  i n t e rva l  A t  as  
f'unction of time to. 

boron i n  the t i m e  i n t e rva l  A t  as a function of the t i m e  to ( f i g .  9 )  shows tha t  

a large p a r t  of neutrons is absorbed-by boron i n  a s m a l l  i n t e rva l  of t i m e  after 
the first sca t t e r ing  by hydrogen. It follows t h a t  under the  adopted assumptions 
the magnitude of delay i n  the spectrometer control  channel must not be l a rge .  

The r e su l t s  which we obtained were compared with r e s u l t s  obtained by com
putations carried out  by means of an electronic  computer. Comparisons showed 
t h a t  the r e s u l t s  of manual calculations,  even when the  number of considered 
cases i s  small, make it possible t o  se l ec t  r a t iona l  parameters for the  spec
trometer and agree wel l  with r e su l t s  obtained by means of an e lec t ronic  com
puter when a subs tan t ia l ly  l a rge r  number of cases i s  considered ( re f .  8). 

The authors express t h e i r  grat i tude t o  V. N. Ignatenko f o r  carrying out 
the calculations.  
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II I I Ill1 II I I 

CALCULATION AND ANALYSIS OF THE CRARACTERISTICS OF A SPECTROMETE3 
WITH.  BORON-HYDROGEN SCINTILLATOR 

V. 	 N. Avayev, Yu. A.  Yegorov, Yu. V .  Orlov, A .  S. Frolov and 
N .  N.  Chentsov 

The measurement of neutron energy i s  one of the most d i f f i c u l t  prob- /289
l e m s  of nuclear spectrometry. Neutrons produce almost no ionizat ion and there
fore can be detected o n l y  by recording the  secondary pa r t i c l e s  formed as a 
result of neutron in te rac t ion  with matter. A s  a rule, neutron energy i s  deter
mined from the  measurement of secondary pa r t i c l e  energy. The measurement of 
neutron energy i s  fu r the r  complicated, i f  the  f l u x  of investigated neutrons 
i s  accompanied by y-radiation. 

There are several methods f o r  determining the energy of fast neutrons. 
The method of r e c o i l  nuclei  i s  most common, apparently because it has the  
smallest number of disadvantages compared with other  methods. Indeed, the method 
of radioactive t racers ,  f o r  example, makes it possible t o  determine the spec
t r u m  only qual i ta t ively;  the  method of nuclear react ions i s  d i f f i c u l t ,  while 
the method of f l i g h t  t i m e  has been used only with pulse neutron sources (ref.  1) 
t o  date. 

S c i n t i l l a t i o n  spectrometers occupy a special  place i n  the  method of r e c o i l  
nuclei ,  because they have su f f i c i en t ly  high effect iveness  and good energy 
resolut ion.  Furthermore, the r e s u l t s  of measurements are processed ra ther  
e a s i l y  and complex e lec t ronic  c i r c u i t s  are not required. 

Fast  neutron s c i n t i l l a t i o n  spectrometers with two sensors a re  most common. 
One of these sensors produces a pulse whose amplitude i s  proportional t o  the  
r e c o i l  proton energy, and the  other sensor records the  neutron sca t te r ing  angle 
( r e f s .  2-6). The source neutron energy i s  determined from the  relat ionship 

En = kUp/sin2 9, where U
P 

i s  the pulse amplitude proportional t o  the r eco i l  

proton energy when such protons are formed by the  sca t te r ing  of neutrons over 
an angle 9; k i s  the f ac to r  of proport ional i ty .  

The elimination of background y-radiation, when measurements are taken 
with such spectrometers, i s  achieved by u t i l i z i n g .  "delayed" coincidences. Fast  
neutron spectrometers with two sensors are used t o  measure the spectra of 
various sources and a l so  t o  measure the spectra  of nuclear reactors  (ref.  7p
However, according t o  t h e i r  pr inciple  of act ion spectrometers with two sensors 
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can operate only when t h e  f l u x  of neutrons i s  collimated. Obviously t h i s  s i t u a 
t i o n  l i m i t s  t he  number of problems which can be solved by means of a spectrom
e t e r  with two sensors o r  requi res  multiple measurements over d i f f e r e n t  angles.  
"his approach must be used, f o r  example, when measuring fast  neutron spec t ra  
behind the  shielding. 

I n  recent times wide use has been made of spectrometers with a s ingle  
hydrogen-containing sensor; t he  discrimination aga ins t  background y- rad ia t ion  
i n  such spectrometers is  achieved as a result of t i m e  d i f fe rence  i n  t h e  de
exc i t a t ion  of t h e  s c i n t i l l a t o r ,  when it i s  exc i ted  by protons and by e l ec t rons  
( r e f s .  8-12). Spectrometers with a s ingle  hydrogen-containing sensor may op
e r a t e  without a coll imator.  The lower boundary of t he  measurable proton 
energy i s  usua l ly  l e s s  than  0.7 MeV. Spectrometers with a hydrogen-containing 
sensor are a l s o  used f o r  various measurements. However, it i s  not possible t o  
use such spectrometers f o r  tak ing  measurements i n  t h e  presence of background. 
y- rad ia t ion  ( ref .  13) .  

Spectrometer with a Boron-Hydrogen S c i n t i l l a t o r  

Reference 1 4  proposes a s c i n t i l l a t i o n  spectrometer with a s ingle  sensor 
whose s c i n t i l l a t o r  contains hydrogen and boron. Results have been communicated 
f o r  t he  case of a c y l i n d r i c a l  vesse l  ( w i t h  a height and diameter of 50 mm), 
f i l l e d  with a mixture cons is t ing  of equal volumes of phenylcyclohexane and 
methyl borate,  ac t iva t ed  with 3 g / l i t e r  of terphenyl and 10  mg of diphenyl 
hexatriene per  1 kg of mixture. For neutron energy of 14 MeV the  e f fec t iveness  
of t h e  spectrometer with such a sensor w a s  0.15 percent,  and the  energy reso
l u t i o n  w a s  10 percent. 

On t h e  b a s i s  of t he  sho r t  descr ip t ion  presented i n  reference 14, we en
v is ion  the  following block diagram ( f i g .  1) and operating p r inc ip l e  of t he  
spectrometer with t h e  boron-hydrogen s c i n t i l l a t o r .  The fast source neutrons rh i ch  
e n t e r  s c i n t i l l a t o r  S as a result of s ing le  s c a t t e r i n g  by an angle close t o  90 , 
or as a r e s u l t  of s eve ra l  s c a t t e r i n g s  by hydrogen nuc le i ,  become s l o w  neutrons 
and a re  captured by the  boron nuc le i .  The r e c o i l  protons formed as a r e s u l t  of 
these processes produce a pulse whose amplitude i s  proportional t o  the  energy 
of source neutrons, while t he  a - p a r t i c l e s  from the  reac t ion  BIO + n + L i 7  + Cy 

c rea t e  a second pulse, i . e . ,  each neutron recorded by t h e  spectrometer produces 
2 pulses such t h a t  t he re  i s  a c e r t a i n  delay between the  appearance of t h e  f i rs t  
(proton) pulse and the  second pulse (due t o  a - p a r t i c l e ) .  

The s igna l  from the  sensor of the  photoelectron mul t ip l i e r  i s  transmitted 
along two channels, t h e  p r i n c i p a l  channel and the  con t ro l  channel. In the  con
t r o l  channel t h e  s igna l  travels along two c i r c u i t s  t o  a coincidence c i r c u i t  
CC, with a delay l i n e  DL connected t o  one of t h e  c i r c u i t s .  The delay time i s  
se lec ted  i n  such a way t h a t  t h e  proton pulse and t h e  pulse from the  a - p a r t i c l e  
a r r i v e  a t  t he  coincidence c i r c u i t  a t  the  same t i m e .  If coincidence occurs, 
t h e  cont ro l  s ing le  f l i p - f l o p  o s c i l l a t o r  CSFFO i s  t r iggered .  The s igna l  i n  the  
p r inc ipa l  channel passes through delay l i n e  DL, ampl i f ie r  A and the  e l e c t r o n i c  
gage EG and then i s  f ed  t o  t h e  pulse amplitude analyzer PAA. A s  we can see 
t h e  c i r c u i t  must be constructed i n  such a way t h a t  only those source neutrons 
which have t ransmi t ted  a l l  or almost a l l  of t h e i r  energy t o  t h e  s c i n t i l l a t o r  
are recorded. 
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Figure 1. Block diagram of  s c i n t i l l a t i o n  
spectrometer with boron-hydrogen s c i n t i l 
l a t o r .  A, amplifier;  CC, coincidence 
c i r c u i t ;  PM, photomultiplier; CSFFO, con
t r o l  s ingle  f l i p - f lop  osc i l l a to r ;  DL, 
delay l i n e ;  S, s c i n t i l l a t o r ;  EG, e lec
t ron ic  gate;  PAA, pulse amplitude 
analyzer. 

The basic  quantity which determines the operation of the spectrometer /31 
i s  the delay i n  the c i r c u i t  of the  spectrometer control  channel. 

According t o  data presented i n  reference 1 4  (En0 = 1 4  MeV), the  average 

in t e rva l  between the in s t an t  of proton pulse appearance and the  appearance of 
the pulse from the CY-particle i s  equal t o  two psec when the  s c i n t i l l a t o r  
u t i l i z e s  natural  boron (18.8 percent BIO) and i s  approximately 0.25 psec when 
the s c i n t i l l a t o r  u t i l i z e s  boron enriched t o  94 percent w i t h  the  Bl-0 isotope. 

By considering the pr inc ip le  of operation of t he  spectrometer with boron-
hydrogen s c i n t i l l a t o r  we can see t h a t  the spectrometer may operate without a 
collimated neutron beam; the  processing of measurement r e s u l t s  with such a 
spectrometer i s  very simple; i n  essence it i s  only necessary t o  introduce a 
correction f o r  the  effect iveness .  The lower l i m i t  of measured neutron energies 
may be s m a l l ,  a t  any rate lower  than the l i m i t  f o r ' a  spectrometer with a s ingle  
hydrogen-containing sensor o r  f o r  a spectrometer with the  L i J  (Eu) c rys t a l  
( r e f .  15) .  

These advantages of the  spectrometer make it a useful  device f o r  the  study 
of spectra associated with the  penetration of f a s t  neutrons through various 
shielding materials under conditions of  ba r r i e r  and " in f in i t e "  geometry. How
ever, the ex is t ing  l i t e r a t u r e  does not present the necessary d a t a t o  Eonstruct 
such a spectrometer. The following quant i t ies  remain unknown : 

(1) the var ia t ion i n  the effectiveness of the  spectrometer a s  a function 
of neutron energy; 
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(2) t he  v a r i a t i o n  i n  t h e  e f fec t iveness  as a function of s c i n t i l l a t o r  volume 
and t h e  r e l a t ionsh ips  f o r  hydrogen and boron concentration; 

(3) t h e  t i m e  d i s t r i b u t i o n  of pu lses  from a - p a r t i c l e s  (when time i s  measured 
from t h e  i n s t a n t  of t h e  f i rs t  neutron s c a t t e r i n g ) ;  

(4 )  t h e  v a r i a t i o n  i n  t h e  energy reso lu t ion  of t he  spectrometer as a function 
of neutron energy. 

For t h i s  reason an e f f o r t  has been made t o  compute these  quan t i t i e s  manually 
by the  Monte Carlo method (ref.  16). The results of t h i s  ca lcu la t ion  have made 
it possible t o  draw several use fu l  conclusions and t o  begin the  design of t he  
spectrometer. 

However, t h e  results of manual ca lcu la t ions  d id  not include t h e  t o t a l  
spectrometer c h a r a c t e r i s t i c s  and d i d  not m a k e  it poss ib le  t o  s e l e c t  t he  neces
sary  parameters f o r  t h e  e l e c t r o n i c  c i r c u i t s  of the  spectrometer (delay time, 
reso lu t ion  t i m e  of the  coincidence c i r c u i t ) .  The use of t h e  manual approach 
t o  obta in  more d e t a i l e d  information i s  associated with l a rge  t i m e  expenditures, 
and f o r  t h i s  reason the  d e t a i l e d  ca lcu la t ions  f o r  t he  c h a r a c t e r i s t i c s  of t he  
spectrometer w e r e  c a r r i e d  out by means of an e l ec t ron ic  computer. 

Formulation of t he  Problem f o r  the  Calculation 

The s c i n t i l l a t o r  c o n s i s t s  of a sphere with a diameter D or a cylinder with 
a diameter and he ight  D. The s c i n t i l l a t o r  contains mater ia l s  cons is t ing  of 
hydrogen, carbon and boron. The presence of oxygen nuc le i  i s  neglected ( r e f .  16) .  
A neutron f l u x  with energy E i s  d i r ec t ed  along the  diameter of the  sphere (or
along t h e  ax i s  of the cy l inde r ) .  To simplify the  problem it i s  assumed t h a t :  
(1)the  s c a t t e r i n g  of neutrons by hydrogen and carbon nucle i  i n  t he  system of 
the  i n e r t i a  center  i s  i s o t r o p i c ;  ( 2 )  a neutron which i s  moderated t o  an energy 
of 0.025 e V  does not change i t s  energy i n  t h e  fu ture ;  (3 )  the  cross sec t ion  of 
neutron absorption by boron nuc le i  i n  t he  energy range from 0.025 eV t o  10 MeV 
va r i e s  according t o  the  l a w  l/fi .  

The problem consisted ofde terminingthe  following q u a n t i t i e s :  

t h e  p robab i l i t y  of neutron absorption by boron nucleus after sca t t e r ing  
by hydrogen and carbon nuclei;  

t h e  t i m e  from t h e  i n s t a n t  of the  first neutron s c a t t e r i n g  by hydrogen t o  
the  t i m e  when t h e  neutron i s  absorbed by t h e  boron nucleus; 

t h e  neutron energy a t  t h e  i n s t a n t  of i t s  absorption by the  boron nucleus 
( f o r  neutrons which have f i r s t  in t e rac t ed  with hydrogen or carbon nucle i ) ;  

t h e  por t ion  of neutron energy l o s t  during s c a t t e r i n g  by hydrogen nuclei  
(for neutrons absorbed after such s c a t t e r i n g  by boron nuclei.). 
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The problem w a s  solved f o r  two s c i n t i l l a t o r  dimensions (diameters of /292
40 and 80 mm). Three s c i n t i l l a t o r  compositions w e r e  considered. These con
s i s t e d  of equal mixtures of the  following: 

(1) xylene (C8Hlo) and trimethyl borate CB (OCH ) 1 (unenriched boron);3 3  
(2 )  phenylcyclohexane ( C  

10
H16) and t r i - i sobu ty l  borate CB (OCqHg)31; 

( 3) xylene (C8Hlo) and trimethyl borate CB (OCH ) 1 (boron enriched t o
3 3  

80 percent with BIO. 

For convenience of calculat ions it w a s  assumed t h a t  the  t h i r d  composition 
d i f f e r s  f romthe  f i rs t  i n  the  boron concentration. The concentration of e l e 
ment nuclei  i n  t he  three s c i n t i l l a t o r  compositions i s  shown i n  tab le  1. 

TABLE 1. CONCENTRATION OF ELEMENT NUCLEI ( cm-3) IN THE THREE 
SCINTILLATOR COMPOSITIONS. 


Element 

Hydrogen. ....... 
Boron. .......... 
Carbon... ....... 

F i r s t  

5.7 

3 1021 

3. 3'1022 

Composition 

Second Third 

5.7 6.8 

1.2.1022 1.26 

3 . 3 0 1 0 ~ ~2.4 

2 .4.1022 3.78 

The problem was solved f o r  several  i n i t i a l  neutron energies:  0.5 ,  1, 
2, 4, 6, 8 and 10  MeV. 

Computation of Spectrometer Character is t ics  

A s  w e  have already pointed out, the  calculat ion o f  spectrometer charac
t e r i s t i c s  was carr ied out by the  method of s t a t i s t i c a l  sampling ( the  Monte 
Carlo method). 

Since the  considered process i s  one without a f t e re f f ec t s ,  the t r a j ec to ry  
of neutrons i n  the s c i n t i l l a t o r  ( f i g .  2) w a s  constructed successively as a 
"chain" of interact ions with the nuclei  of the  s c i n t i l l a t o r  material  i n  a 6th 
dimensional space (x, y, z ,  W, E ) ,  where x, y, z are  the Cartesian coordinates 
of the neutron; (0 i s  the  direct ion of neutron motion between in te rac t ions  and 
E i s  the  neutron energy. 
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Figure 2. Neutron motion i n  
s c i n t i l l a t o r .  

The effect iveness  of t he  spectrometer u was computed as the  mathematical 
expectation of a ce r t a in  functional of the neutron t r a j ec to ry  5 (T)  

The other  quant i t ies  were computed i n  the s a m e  manner. For example, the  
d i s t r ibu t ion  of neutrons captured by boron nuclei  a f t e r  sca t te r ing  by hydrogen 
or carbon nuclei  were determined from the  following equation according t o  
energy groups R ( E )n 

where r( i)  = M$(i) ct (T)] ;  i i s  the number of the energy interval ,  the  number 
n 

of in te rva ls  being equal t o  ifin. 

In se lec t ing  the  mathematical model of the  process i n  the s c i n t i l l a t o r  it 
w a s  noted t h a t  the  overwhelming port ion of the incident neutron f lux  leaves the 
volume of the s c i n t i l l a t o r  without in te rac t ing  with i t s  substance a t  a l l ,  or 
without being captured by boron nuclei  after sca t te r ing  ( ref .  17). Therefore, 
i n  order t o  ?read" the maximum information from each t r a j ec to ry  and not t o  play 
up the  "paras i t ic"  h i s tor ies ,  the motion of the neutron "packet" w a s  modeled 
according t o  the  "arbitrary escape" scheme, i.e., pa r t i c l e s  with a cer ta in  m a s s  
w e r e  considered. During each co l l i s ion  with the nucleus of the s c i n t i l l a t o r  
substance, such a pa r t i c l e  i s  scat tered i n  accordance w i t h  t he  usual l a w  of 
neutron scat ter ing,  while i t s  motion i s  always s t r i c t l y  within the  volume of 
the  s c i n t i l l a t o r  ( f i g .  2) .  /293 

L e t  us follow the  t r a n s i t i o n  of a pa r t i c l e  i n  our model from the  (n-1)-th 
posi t ion t o  the n-th pos i t ion  along the  played d i rec t ion  [Un-l. As we know, the  

mean free path of a neutron i s  d is t r ibu ted  according t o  the  l a w  
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(xn-l i s  the macrascopic cross sect ion of the  s c i n t i l l a t o r  substance when the 

neutron energy i s  En-l; S i s  the path length of the neutron between co l l i s ions) .  

The probabi l i ty  that the p a r t i c l e s  w i l l  escape beyond the  volume of the  s c i n t i l 
l a t o r  without in te rac t ing  with the  nuclei  of the  s c i n t i l l a t o r  material, while 
moving along the  beam Wn-1' i s  equal t o  

Qn-i = Ln-ly (4) 
where Ln- l  i s  the  distance t o  the boundary of the  s c i n t i l l a t o r  from the point  

of the  (n-1)-th sca t te r ing  ( G - ~ ,yn-1, z ~ - ~ )i n  the  d i rec t ion  The f ree  

path of a f i c t i t i o u s  pa r t i c l e ,  under conditions when it does not escape beyond 
the l i m i t s  of t he  s c i n t i l l a t o r ,  has a d i s t r ibu t ion  given by the  a rb i t r a ry  l a w  

p ( S )= 
,-
-

x,, - ,s 
1 _ _  ,, \',I -11,11 - I  . ( 5 )  

From co l l i s ion  t o  co l l i s ion  the f i c t i t i o u s  p a r t i c l e  losses  pa r t  of i t s  mass 

where yn i s  the probabi l i ty  of sca t te r ing  during the (n-1)-th co l l i s ion .  

On the bas i s  of these statements we can conclude t h a t  the  functional cp has 
the  following form 

Here the summation i s  extended over a l l  of the co l l i s ions ,  while mo = 1. 

Although the  t r a j ec to ry  of such an "eternal"  pa r t i c l e  i s  in f in i t e ,  we can 
"cut i f  o f f "  a t  a mags which i s  less than some assigned value 6 .  The value 6 

i s  selected i n  such a way t h a t  the  dropped mass i s  within the limits of statis
t i c a l  accuracy of the  solut ion.  

The t r a j ec to ry  of a pa r t i c l e  i s  constructed i n  the following manner. 

The Origin of a Pa r t i c l e  ( n  = 0) .  The i n i t i a l  coordinates of the t r a j ec to ry  
a re  taken as the  coordinates of the  source (xsou, ysou, z ), and a direct ion sou 

and i n i t i a l  energy E a re  assigned t o  the "packet.
0 

The Motion o f ' t h e  Pa r t i c l e  from Coll is ion t o  Collision. Between co l l i s ions  
n and n-1 the p a r t i c l e  with energy E moves uniformly and i n  a r e c t i l i n e a r  fashion 

n 
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along the selected direct ion on. The probabi l i ty  of pa r t i c l e  escape from the  

system Rn i s  computed and the  mean free path length S, i s  obtained from the  

d is t r ibu t ion  P (S);  

The Collision of a Pa r t i c l e .  The coordinates of the  (n  + 1 ) - t h  sca t te r ing  
are computed from the coordinates of the  n-th sca t te r ing  (s,yn, zn) from the  

vector On and the  quantity S . A f t e r  t h i s  the  quantity yn+l is  computed, and n 
f i n a l l y  the value of p a r t i c l e  m a s s  mn+l after the (n + 1 ) - t h  co l l i s ion  i s  com
puted; 

Selection of New Direction and Energy After Collision. The type of nucleus 
involved i n  the  co l l i s ion  i s  played out .  A new di rec t ion  of motion i s  iso
t ropica l ly  played out i n  the system of p a r t i c l e  m a s s  center and of t h i s  nucleus. 
This i s  then recomputed i n  the  d i rec t ion  w ~ + ~ ,using the laboratory system of 

coordinates. The energy losses  due t o  the occurring e l a s t i c  sca t te r ing  are 

det em i n ed ; 

Termination of Trajectory.  If mn+l < 8 ,  the t r a j ec to ry  ends, i .e . ,  simu

l a t i o n  along an assigned t r a j ec to ry  i s  continued u n t i l  the  mass of the "packet" 
becomes l e s s  than e .  

The group of evaluating functionals i s  recomputed a t  each co l l i s ion .  The 
values o f  these Ifunctionals averaged out  over the  respective number of con
structed t r a j ec to r i e s  m a k e  it possible t o  obtain the  following information. 

The basic s t a t i s t i c  quant i t ies  are a s  follows: /294 
u--the t rue  effect iveness  of the spectrometer ( the  effectiveness f o r  neu

trons captured by boron nuclei  a f t e r  sca t te r ing  by hydrogen nuc le i ) ;  

N

u--evaluation of the  second moment of the  random quantity u; u i s  used t o  
compute the guaranteed absolute accuracy of the quantity u (following the  l a w  
of three root  mean square e r ro r s ) ;  

p--the t o t a l  portion of neutrons absorbed by the  s c i n t i l l a t o r  material, 
i .e . ,  the t o t a l  effect iveness  of the  spectrometer; 

w--the average number of neutrons which have escaped beyond the  limits of 
s c i n t i l l a t o r  volume; 

A--the schematic e r ror ,  i .e.,  the port ion of dropped t r a j ec to r i e s  of l o w  

probabili ty;  we note t h a t  p + w + A = 1; n('), n(2),  ..., ,(a)i s  the  t i m e  
d i s t r ibu t ion  f o r  the  quant i t ies  u, i .e.,  the  portion of "effective" (captured 
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by the  boron nucleus even after a s ingle  co l l i s ion  with the hydrogen nucleus) 
neutrons i n  each in t e rva l  of t i m e .  The t i m e  i s  measured from the moment when s 
neutron i s  sca t te red  by the hydrogen nucleus. A standard l i n e a r  time scale i s  

adopted: each of the in te rva ls  from 0 t o  t '  = 2-3 psec and fur ther  f ron  t = 2k 

t o  t = 2k+1 psec (k = -3, -2 ,  ..., 2) i s  divided in to  4 equal in te rva ls .  The 

last  in te rva l  i s  23 psec 5 t < m. Altogether 29 in te rva ls  were considered; 

e ( l ) ,  e(2), ..., e ( a )  i s  the  energy d i s t r ibu t ion  of "effective" neutrons. The 
boundaries of the  energy in te rva ls  are selected according t o  lethargy. A group 
of thermal neutrons with le thargy of 20.5 w a s  a l so  i so la ted .  

Additional s t a t i s t i c a l  quant i t ies  are as follows: 

M--the average number of neutron co l l i s ions  with the s c i n t i l l a t o r  material 
nuclei  before absorption or escape; 

P--the average number of neutron co l l i s ions  with hydrogen nuclei before 
absorption o r  escape; 

&--the average number of neutron co l l i s ions  with carbon nuclei before 
absorption or escape (P + Q = M ) ;  

w (1), ..., w(n)--the portion of neutrons which have escaped beyond the 
l i m i t s  of the s c i n t i l l a t o r  immediately a f t e r  the  n-th sca t te r ing  (n  = 1, 2, 
3, ..J; 

n--the average t r a j ec to ry  length of the f i c t i t i o u s  pa r t i c l e  i n  the assumed 
model. 

Other quant i t ies  were a l so  computed, including the  three-dimensional d i s 
t r ibu t ions  of "effective neutrons. 

A s  we s h a l l  show below, the information which has been obtained made it 
possible t o  make a complete judgment on the s t ruc ture  of the investigated physical 
process and t o  evaluate the  qua l i ty  of the adopted mathematical model. 

We note t h a t  the se lec t ion  of the model and the  construction o f  the  spe
c ia l ized  program were based on numerical experiments carr ied out by means o f  a 
simple program and a l so  on the  results of computations carr ied out manually 
( ref .  16) .  

The accuracy of the calculat ions w a s  evaluated by the  d i r ec t  method 
(i.e.,  by the deviation of the basic quantity u)  and by an ind i rec t  method (by 
comparison of successive outputs of numerical information achieved by comparing 
computations carr ied out by means o f  d i f f e ren t  sensors) .  The analysis of re
sults shows t h a t  t he  e r r o r  i n  the  quantity u does not exceed 10-15 percent. 
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I n  order t o  grasp the  a n a l y t i c a l  re la t ionships  between the  c h a r a c t e r i s t i c s  
o f  t h e  spectrometer, t he  series of measurements were made dependent (ref.  18). 
The u t i l i z a t i o n  of dependent tests has made it possible t o  reduce t h e  vol- /295 
ume of t he  work s u b s t a n t i a l l y .  Although the  random e r r o r s  i n  t h i s  case are 
high, t he  q u a l i t a t i v e  p i c tu re  which w a s  obtained w a s  cor rec t ,  because t h e  com
puted curves d i f f e r e d  from t h e  true curves only i n  t h e i r  r e l a t i v e  pos i t i on .  
W e  can convince ourselves of  t h i s  by comparing graphs showing the  value u for 
spectrometers with d e f i n i t e  D, computed according t o  two generators of pseudo
random numbers ( t a b l e  2) .  It should be pointed out t h a t  t h e  se lec ted  model 
a l s o  made it poss ib le  t o  reduce t h e  d ispers ion  subs t an t i a l ly  and t o  obta in  
so lu t ions  with a s u b s t a n t i a l l y  smaller consumption of computer time than i n  the  
case of t he  d i r e c t  "physical model. 

Block Diagram of t he  Program 

Figure 3 shows the  p r inc ipa l  block diagram of the  program used t o  car ry  
out t he  computation of t he  spectrometer c h a r a c t e r i s t i c s  described above. This 
diagram a l s o  shows the  conditions f o r  s e l ec t ing  the  methods of processing the  
information. 

Pseudorandom numbers of t h e  type proposed by N. M .  Korobov were used i n  
the  problem 

where i s  the  number; q, i s  the  f i rs t  type root  of t he  modulus p; 
p, i s  a simple i s  a symbol showing a s p l i t  pa r t ;  1 ,  i s  the  number of 
the  random were ca r r i ed  out with two generators of t he  
following numbers: 

F i r s t  generator : P = 39,983, 9 = 3,125. 
Second generator:  p = 40,127, = 3,125-

The ca l cu la t ion  of  d i f f e r e n t  versions w e r e  c a r r i ed  out  using t h e  s a m e  
sequences of pseudorandom numbers. 

TABLE 2. TWO VERSIONS O F  THE CALCULATION O F  SPECTROMETER 
EFFECTIVENESS FOR THE FIRST COMPOSITION ( D  = 80 mm).  

I Energy i n  MeV 

F i r s t  ......... 1 0 .lo355 1 0.02875 I 0.007542 
Second ........ 0.10789 0.03016 0.007696 
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Figure 3. Block diagram of program (the arrows 

show signal paths); 1, computation of initial 

trajectory parameters; 2, generation of sequence 

of pseudorandom numbers; 3, computation of 

medium parameters and play-out of nucleus type

involved in collision; 4, computation of escape 

probability and play out of mean free path length 

for spherical scintillator; 5, analogous calcu

lations for cylindrical scintillator; 6,re

calculation of functionals which do not depend on 

type of nucleus and on collision number; 7, re

calculation of functionals which depend on 


(Continued) 
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nucleus type and on number of c o l l i s i o n  as well 
as determination of t r a j e c t o r y  end; 8, proc
ess ing  and readout of information, cont ro l  of 
counting process; 9,  preparation of numerical 
parameters f o r  determining new d i r ec t ions  and 
energy; 10, ca l cu la t ion  of new energy; 11, 
ca lcu la t ion  of  new d i r ec t ion  f o r  general  case 
of motion; 12, ca l cu la t ion  of new d i r ec t ion  f o r  
constant energy. 

Conditions f o r  s e l ec t ing  information proc
es s ing  paths : 

- n > l ;  1 - sphe r i ca l  geometry; 
II = {  

0 - n = 1; 2 0 - c y l i n d r i c a l  geometry; 

fl - n > 1, s c a t t e r i n g  by H nuc le i ;  

fi3 = 1 0  - n > 1, s c a t t e r i n g  by H nuc le i  i s  absent; 

(1 - g, > c; (1  - energy > threshold 

A - start  of count; B - end of count. 

Analysis of Calculation Results 

The results of t h e  ca l cu la t ions  make it poss ib le  t o  c l a r i f y  all of t h e  
l a w s  c h a r a c t e r i s t i c  of a spectrometer with a boron-hydrogen s c i n t i l l a t o r .  

We found t h a t  t h e  t o t a l  e f fec t iveness  of t he  spectrometer ( the  t o t a l  num
ber of absorbed neutrons with respec t  t o  the  neutron f l u x  en ter ing  the  s c i n t i l 
l a t o r )  f o r  neutron energies l e s s  than 4-3 MeV i s  described by t h e  following 
simple r e l a t ionsh ip  within t h e  accuracy of the  computations /a 

where E i s  the  neutron energy; D i s  the  s c i n t i l l a t o r  diameter ( sphe r i ca l  
geometry); C = const, which depends on t h e  composition of t h e  s c i n t i l l a t o r .  

Relationship (8) shows t h a t  t he  e f f ec t iveness  of the  spectrometer i s  pro
por t iona l  t o  the  s c i n t i l l a t o r  volume. The t r u e  e f fec t iveness  of t h e  spectrom
eter  u f o r  t he  same neutron energy, i . e . ,  t he  r a t i o  of t h e  number of neutrons 
captured by boron nuc le i  af ter  even one s c a t t e r i n g  by hydrogen nucleus t o  the  
t o t a l  f lux of  neutrons, may be determined by means of equation 
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where C i s  the macrascopic absorption cross sect ion of neutrons by boron 
nuclei .  a Figure 4 shows t h i s  re la t ionship f o r  s c i n t i l l a t o r s  of two dimensions 
with d i f f e ren t  composition. As  we can see from the  figure,  when the s c i n t i l l a t o r  
volume i s  given, the  effect iveness  increases with the  concentration of boron and 
hydrogen nuclei  i n  the  s c i n t i l l a t o r .  For l a rge  volume s c i n t i l l a t o r s  p d i f f e r s  
l i t t l e  from u. Indeed, i n  t h i s  case the  second term i n  the  expression f o r  u i s  
of l i t t l e  significance.  

For s c i n t i l l a t o r s  of smaller dimensions (diameter of 40 m) the difference 
between p and u i s  grea te r  f o r  obvious reasons. A t  l a rge  energies (10 MeV) 
the discrepancy between p and u i s  grea te r  than a t  s m a l l  energies (1MeV); i n  
the  specif ied energy i n t e r v a l  t he  effectiveness var ies  approximately by a f ac to r  
of 10, and the difference between p and u i s  obviously associated with a la rge  
leakage of neutrons from the volume of the  s c i n t i l l a t o r .  

A s  w e  can see from the figure, when neutron energies a re  greater  than 4-5 
MeV there i s  a departure from relat ionships  (8) and ( 9 )  f o r  a l l  compositions o f  
s c i n t i l l a t o r s  with a diameter of 80 mm and f o r  compositions 1 and 3 of s c i n t i l 
l a t o r s  with small dimensions: the  effectiveness of the  spectrometer decreases 
with energy and the  effect iveness  of the scat ter-capture  process ( u )  decreases 
more sharply than p.  Obviously t h i s  phenomenon i s  associated with the concen
t r a t i o n  of boron nuclei  and possibly with the  concentration of  hydrogen nuclei .  
However, it i s  d i f f i c u l t  t o  explain t h i s  e f f e c t  without experimental ver i f ica
t ion .  

Figure 4 a lso  shows the r e s u l t s  f o r  computing p and u i n  the case of a cy
l i n d r i c a l  s c i n t i l l a t o r  (diameter and height of 40 mm). 

A comparison of the  effect iveness  of  spectrometers with cy l indr ica l  and 
spherical  s c i n t i l l a t o r s  shows t h a t  the proport ional i ty  of effectiveness t o  
s c i n t i l l a t o r  volume i s  re ta ined so t h a t  p = 1.5 psph and'u 

C Y 1  
= 1.5 usph,

C Y 1  

where the subscripts t tcyl 'fand 'rsphttr e f e r  t o  a cy l indr ica l  and a spherical  
s c i n t i l l a t o r ,  respect ively.  We should note the following. The f a c t  t h a t  the 
spectrometer effect iveness  i s  proportional t o  the volume ( f o r  a given s c i n t i l 
l a t o r  composition) makes it possible t o  extrapolate the  obtained results very 
simply t o  other s c i n t i l l a t o r  dimensions and t o  carry out computations f o r  
s c i n t i l l a t o r s  which have the form of a sphere. This i s  subs tan t ia l ly  simpler 
than calculations f o r  cylinders.  

The same relat ionships  were obtained i n  the  control  calculations f o r  a 
sphere with a diameter of 80 mm and for a cylinder with a diameter and height 
of 80 ITETI. 

The results of the  calculat ions have made it possible t o  c l a r i fy  ce r t a in  
t i m e  re la t ionships  f o r  processes i n  the s c i n t i l l a t o r ,  i n  par t icu lar  they have 
made it possible t o  determine the energy dependence of the volume and concen
t r a t i o n  of boron nuclei ,  the  value of the in t e rva l  between the ins tan t  of the  
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Neutron energy, MeV N2utron energy, b I t V  
a b 

Figure 4. Variation i n  e f fec t iveness  of spectrometer as funct ion of neutron energy: 

Curve Effec- Sphere C~mposition Curve Effec- Sphere Composition ' Curve Effec- '''erenumber, t ive- diameter number 1 number, t ive- ' diameter number, t ive- diameter composition 
a ness i n  mm a, b ness i n  mm number b ness i n  mm number 

1 P 80 2 6 U 40 2 ll p Cylinder -i 
2 U 80 2 7 P 40 1 40 x 40 
3 P 80 3 8 U 40 1 ,I2 u 40 x 40 1
4 U 80 3 9 P 80 1 13 P 40 3 
5 P 40 2 10 U 80 1 14 U 40 3 



first scattering by hydrogen nucleus (t = 0) and the instant of such a neutron 
capture by a boron nucleus. 

Thus it was established that for a given scintillator volume and composi
tion the time distribution does not depend on the energy (fig. 5 )  when t 5 0.05 
(Isec. (It is possible that the discrepancy at t < 0.03 psec is explained by 
certain approximations made in the calculations.) 

The time distribution varies depending on the scintillator volume (fig. 6) 

and for a scintillator of large dimensions the scatter-capture processes are 

separated more uniformly in time than for scintillators of small dimen- /298

sions. 


We note that from the point of view of the technical realization of a 

spectrometer with boron-hydrogen scintillator it is expedient to use a scintil

lator of large dimensions, because in this case, within the limits of a rational 


I 8 -I 

2 0.051 7-iq 0 

A 



----? 

I 
0 

L' 
12 0.05 0.1 0.2 0.5 2 
Time after first collision in Psec 


Figure 5. Time distribution of scatter-capture processes 
n as function of energy: 1, 1 MeV; 2, 4 MeV; 3, 10 MeV. 
Sphere diameter is 40 m. 
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t, psec 

Figure 6 .  Time d i s t r i b u t i o n  of sca t te r -capture  processes 
n as function of s c i n t i l l a t o r  volume (En = 1MeV): 1, 

sphere with diameter of 40 mm; 2, cy l inder  with dimen
sions 40 X 40 mm; 3, sphere with diameter of  80 mm. 

value f o r  the  reso lu t ion  t i m e  of the  coincidence scheme, t he  va r i a t ion  i n  the  
number o f  sca t te r -capture  processes as a function of time i s  l e s s  pronounced. 

A s  the  concentration of boron i n  the  s c i n t i l l a t o r  i s  increased, the  num
ber  o f  sca t te r -capture  processes i n  the  s m a l l  i n t e r v a l s  of time a f t e r  s ca t 
t e r i n g  increases ( f i g s .  7 and 8),  and t h i s  i s  observed f o r  s c i n t i l l a t o r s  of 
s m a l l  and l a rge  dimensions; however, according t o  the  l a w  f o r  s c i n t i l l a t o r s  
with a diameter of 80 mm, which has been noted e a r l i e r ,  t he  va r i a t ion  i n  the  
t i m e  d i s t r i b u t i o n  as a func t ion  of concentration i s  less noticeable.  

For composition 2 ( t r ime thy l  borate with enriched boron) the re  i s  a devia
t i o n  from the  l i n e a r  l a w  for 2 Psec. Apparently t h i s  i s  associated with t h e  
high boron concentration and t h e  sharp va r i a t ion  i n  t h e  magnitude of the  t i m e  
i n t e r v a l .  

Figure 9 shows t h e  energy d i s t r i b u t i o n  of neutrons which have p a r t i c i 
pated i n  t h e  sca t te r -capture  processes, normalized for an energy i n t e r v a l  of  
1 eV.  A s  a rule t h e  overwhelming number of neutrons captured by boron nuc le i  
transmit t h e i r  energy almost e n t i r e l y  t o  hydrogen or carbon nucle i  before the  
capture.  Consequently t h e  energy r e so lu t ion  of t h e  spectrometer, asso- /3OO 
c i a t ed  with the  p r inc ip l e  of i t s  operation, i s  r a t h e r  high, and the  t o t a l  
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t, wsec 

Figure 7. Time distribution of scatter-capture processes 

n as function of boron concentratioe in.scintillator 

(sphere diameter of 40 mm): 1, second composition; 2, 

first composition; 3, third composition. 


resolution of the spectrometer is determined by the resolution of the scintil

lator and of the photomultiplier. 


Having clarified the general time characteristics of spectrometers, we 

shall attempt to evaluate the optimum resolution time of the coincidence cir

cuit and the general electronic circuit of the spectrometer proceeding from 

real possibilities and from the achievement of maximum recording effective

ness of the scatter-capture events. 


Let us assume that in order to achieve a reliable recording of true events . 

the following relationship must exist between the number of false and useful 
coincidences 

It is known that 




where 7 i s  the  resolut ion t i m e  of the coincidence c i r c u i t ;  p i s  the probabi l i ty  
t h a t  interact ions are recorded; N1 i s  the  number of useful  coincidences; N2 i s  
the number of false coincidences. 

A t  the same t i m e  

’Y, ;= ZN, 
where 

ui i s  the  number of recordings of the scatter-capture events i n  the i - t h  in t e r 

val of t i m e ;  summation i s  car r ied  out from t = t (toi s  the delay t i m e )  i n  the 

in te rva ls  i1’ ’ i1 + i
2’ 

* i1 + i
2 

+ i3’ e t c .  

A s  a r e s u l t  of simple transformations we obtain the  following expression 
from equations (lo), (11)and (12)  

N i  = AZ2/z,  

where A = const. 

t, psec 

Figure 8. Time d i s t r ibu t ion  of scatter-capture processes 
n a s  function of boron concentration i n  s c i n t i l l a t o r  
(sphere diameter of 80 mm):  1, second composition; 2, 
f i rs t  composition; 3, t h i r d  composition. 
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AE,, MeV 

Figure 9.  Energy d is t r ibu t ion  of neutrons n, captured 
by boron a f t e r  sca t te r ing  by hydrogen (normalized f o r  
energy in t e rva l  of 1 ev):  1, second composition; 2, 
f i r s t  composition; 3, t h i r d  composition. 

It i s  c lear  from t h i s  presentation t h a t  

Assuming t h a t  the  delay time t
0 

i s  approximately equal t o  0.1 psec, w e  

have carr ied out calculat ions by means of equation (13) ( f i g .  10). 
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Figure 10 .  
coincidence 

Curve number 
-

1 

2 

3 
4 
3 
6 
7 

Resolution t i m e ,  Wsec 

Effec t iveness  of spectrometer as func t ion  of 
c i r c u i t  r e so lu t ion  t i m e :  

Sphere diameter i n  mm Composition number 

40 
40 
80 


Cylinder 40 X 40 

40 

80 
80 

By comparing t h e  curves presented i n  figure 1 0  w e  can draw the fol lowing 
conclusions.  

1. ?"ne e f f ec t iveness  of the spectrometer as a func t ion  of  t h e  coincidence 
c i r c u i t  r e s o l u t i o n  t i m e  has  a m a x i m u m  whose pos i t i on  i s  d i f f e r e n t  f o r  s c i n t i l 
l a t o r s  of  var ious  dimensions and compositions. 

2 .  The e f f ec t iveness  of  the spectrometer i s  d i r e c t l y  propor t iona l  t o  /3O2 
t he  concent ra t ion  of boron n u c l e i .  
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3. For s c i n t i l l a t o r s  with large boron nuclei  concentrations the  maximum 
value of the effectiveness i s  more c lear ly  pronounced. 

4. The maximum value of the effect iveness  i s  less c l ea r ly  pronounced f o r  
s c i n t i l l a t o r s  of la rge  volumes. 

5 .  For a cy l indr ica l  s c i n t i l l a t o r  the maximum effect iveness  i s  less pro
nounced than f o r  a spherical  one when the diameters of t he  sphere and the  cy
l inde r  base a re  the  same and are  displaced i n  the  d i rec t ion  of la rge  coincidence 
c i r c u i t  resolut ion time. However, the value of effect iveness  a t  t he  maximum 
i n  t h i s  case i s  the same within the limits of computational e r r o r .  

The data  i n  f igure 10 have been used t o  determine the maximum pe rwss ib l e  
fluxes of monochromatic neutrons and the corresponding numbers of useful coin
cidences. It w a s  assumed i n  the calculat ion t h a t  A = 1and t h a t  Z corresponds 
t o  the maximum value of the  curves i n  f igure 10. W e  found t h a t  the fast  neli
t ron  s c i n t i l l a t i o n  spectrometer with boron-hydrogen s c i n t i l l a t o r  can operate 
only i n  r e l a t ive ly  small neutron f luxes.  Thus, when E = 1 MeV, the f l u x  /303 

must not exceed (3-4) 1 04 sec- l  and when E = 10 MeV, it must no t  exceed l o 3  

-1see . 

Conclusions 

The r e su l t s  of calculat ions and an analysis of charac te r i s t ics  associated 
with boron-hydrogen s c i n t i l l a t o r  spectrometer have shown t h a t  of a l l  the con
sidered compositions the most  sui table  one i s  a mixture o f  equal quant i t ies  of 

Figure 11. Proposed block diagram f o r  spectrometer with 
boron-hydrogen s c i n t i l l a t o r :  S, s c i n t i l l a t o r ;  CF, cathode 
follower; FEU, photomultiplier; PA, preamplifier; A, 
amplifier;  LA, l i n e a r  amplifier;  DL, delay l i n e ;  CC, 
coincidence c i r c u i t ;  BU, blocking un i t s ;  EG, e lec t ronic  
gate; SA, s ingle  channel pulse amplitude analyzer; 
CSFF'O, control s ing le . f l i p - f lop  o s c i l l a t o r ;  L, l imi t e r ;  
PAA, multichannel pulse amplitude analyzer.  
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xylene or phenylcyclohexane w i t h  t r imethyl borate with enrichment of BIO up t o  
80 percent, poured in to  a vessel  with a diameter and height o f  80 mm. The re
solving t i m e  of the  coincidence c i r c u i t  i n  t h i s  case m u s t  be equal t o  approxi
mately 1.5 psec. 

Based on these f a c t s  the spectrometer block diagram shown i n  figure 11has 
been adopted f o r  developmental work. To decrease the number of random coin
cidences i n  the  control  c i r c u i t  of the spectrometer a s ingle  channel pulse 
amplitude analyzer has been introduced. 
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SINGLF: CRYSTAL FAST -ON SPECTROMETER FOR 
MEASURING C 0 F i ” U O U S  SPECTRA 

Yu. A. Yegorov and Yu. V. Pankrat’yev 

The method of r e c o i l  protons i s  widely used t o  measure the energy /304
of fas t  neutrons. This method i s  a l s o  used t o  measure neutron spectra  by means 
of s c i n t i l l a t i o n  equipment. There a re  several  types of f a s t  neutron s c i n t i l l a 
t i o n  spectrometers ( r e f s .  1-4),  but the spectrometer with a s ingle  hydrogen-
containing s c i n t i l l a t o r  d i f f e r s  from the other  types of s c i n t i l l a t i o n  spectrom
e t e r s  by i t s  high effect iveness .  

The s e n s i t i v i t y  of such a spectrometer t o  y-radiat ion has l imited i t s  
p o s s i b i l i t i e s  t o  the present day. However, the p o s s i b i l i t y  of detect ing the 
difference i n  the  dexci ta t ion time of several  organic s c i n t i l l a t o r s  when they 
are  i r rad ia ted  by protons and e lec t rons  ( r e f .  5 )  and the  development of the 
method f o r  discriminating against  pulses due t o  y-radiat ion ( r e f s .  6 and 7) 
have made it possible t o  use the s ingle  c r y s t a l  spectrometer extensively for 
various measurements. 

If N 0 
neutrons with energy Eo en ter  a s c i n t i l l a t o r  of thickness d ,  per 

u n i t  time, the number of r e c o i l  protons NP formed as  a r e s u l t  of s ing le  neutron 

sca t te r ings  by protons, w i l l  be equal t o  

N, ,  =N , ,  ( 1  - c-’~?‘~) when d < ,.- (1)1 
U P  

where Cp = noP O(E ); n i s  the concentration of hydrogen nuclei  i n  the s c i n t i l l a -

tor ;  crP i s  the  e f f e c t i v e  s c a t t e r i n g  cross sect ion of neutrons with energy Eo by 

protons. The number of r e c o i l  protons with energy i n  the i n t e r v a l  from E t o  
E + dEp i s  equal t o  P 

P 



i .e.,  the  d i s t r i b u t i o n  of r e c o i l  protons according t o  energy i s  a function 
which breaks o f f  sharp ly  when % = Eo. If a r e c o i l  proton w i t h  energy EP pro

duces a pulse wi th  amplitude h = h (Ep), t he  d i s t r i b u t i o n  of pulses according 

t o  amplitude w i l l  also be represented by a func t ion  which breaks o f f  sharply a t  
h = ho, where bo i s  the  amplitude of t h e  pulse corresponding t o  t h e  t o t a l  ab

sorb t ion  of neutron energy EO. However, t h i s  r e s u l t  i s  only poss ib le  i f  t h e  

r e l a t ionsh ip  between the  absorbed energy and the  l i g h t  output of t he  s c i n t i l 
l a t o r  i s  l i n e a r ,  when the  s t a t i s t i c a l  f l uc tua t ions  i n  t h e  magnitude of t he  
pulse a t  t he  output of t h e  photomultiplier a r e  absent and t h e  dimensions of the  
c rys t a l ,  on the  one hand, a r e  s u f f i c i e n t l y  small (which e l imina tes  the  possi
b i l i t y  of multiple neutron s c a t t e r i n g ) ,  and, on t h e  o ther  hand, a r e  s u f f i c i e n t l y  
l a rge  so t h a t  the  r e c o i l  proton energy i s  t o t a l l y  absorbed. 

The amplitude d i s t r i b u t i o n  of pulses measured by means of a spectrometer 
d i f f e r s  r a d i c a l l y  from the  d i s t r i b u t i o n  which breaks off:  the  boundary of the  
amplitude spectrum i s  somewhat d i f fuse ,  which i s  due t o  the  simultaneous ac t ion  
of s t a t i s t i c a l  f luc tua t ions ,  t he  non l inea r i ty  of l i g h t  output and the  incom
p l e t e  absorption of r e c o i l  proton energy. I n  connection with t h i s  t he  ampli
tude d i s t r i b u t i o n  may be represented i n  the  form of  the  function 

where R(ho) is  the width of t he  Gaussian d i s t r i b u t i o n  f o r  h = ho, obtained by 

d i f f e r e n t i a t i n g  t h e  i n t e g r a l  d i s t r i b u t i o n .  If i n  the  processing of measurement 
r e s u l t s  f o r  t h e  continuous fas t  neutron spectrum, f o r  example, the  spectrum of 
the  nuclear r eac to r ,  w e  do not take i n t o  account-the Gaussian spread, then ex
pression (3) may be wr i t t en  i n  a simpler form and t h e  spread e f f e c t  may be 
taken i n t o  account by means of spec ia l  corrections,  1305 

If the amplitude d i s t r i b u t i o n  corresponds t o  t h e  r e c o i l  proton spectrum, 
then by d i f f e r e n t i a t i n g  expression (4) and solving it with respec t  t o  N(EO), we 
f ind  
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However, expression (5) i s  valid only when the relat ionship between the 
l i g h t  output of the s c i n t i l l a t o r  and the r eco i l  proton energy absorption i s  
l inear ,  because it i s  only when t h i s  condition is observed t h a t  the r e c o i l  pro
ton spectrumcoincides with the amplitude dis t r ibut ion.  I n  order t o  take in to  
account the variation i n  the l i g h t  output of a c rys ta l  a s  a function of proton 
energy, it i s  necessary t o  introduce a correction in to  equation ( 5 ) .  AS a re
sult we obtain i n  place of equation ( 5 )  the re la t ionship 

where L = L (%) i s  the var ia t ion i n  the l i g h t  output as a function of proton 
energy. 

A s  follows from a preceding consideration, equation (6) does not take i n t o  
account the multiple scat ter ing of neutrons i n  the crystal ,  the scat ter ing of 
neutrons by carbon nuclei  and also the e f f ec t  of incomplete energy absorption 
by recoi l  protons. If we take in to  account the multiple scat ter ings i n  tolu
ylene crystals  of average dimensions (diameter of 30 mm and a height of 10-20 
mm), then according t o  the data contained i n  references 8 and 9 t h i s  does not 
lead t o  a noticeable d is tor t ion  of r eco i l  proton spectrum, par t icu lar ly  since 
this e f f ec t  i s  p a r t i a l l y  compensated by the incomplete absorption of proton 
energy. 

According t o  the  data i n  reference 10, the correction f o r  the secondary 
scat ter ing and leakage of r eco i l  proton energy may be computed approximately by 
means of the e.quation 

where D i s  the c rys ta l  diameter; V i s  the c rys ta l  volume; Rm,(EO) i s  the 

radius within whose l i m i t s  the proton undergoes f ron ta l  scat ter ing.  

Equation (7) i s  obtained f o r  a cyl indrical  crystal ,  assuming t h a t  the neu
t ron  flux falls  perpendicular t o  i t s  base. The f i r s t  term i n  t h i s  equation de
termines the correction f o r  secondary scattering, and the l a s t  two terms 
determine the correction f o r  proton energy leakage. Equation (7) makes it pos
s ib le  t o  determine the optimum c rys t a l  thickness d fo r  which the t o t a l  action 
of both corrections i s  a minimum. According t o  the data of reference 10, the 
optimum crys ta l  thickness varies from 1.4 mm a t  Eo = 1MeV t o  18 mm when Eo = 

10 MeV. If, on the other hand, the spectrometer i s  designed t o  measure the 
continuous spectrum over a ra ther  wide energy range, then apparently the opti
mum thickness i s  approximately 1 0  mm. 
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However, when measuring neutron spectra  i n  the presence of intense back
ground y-radiation it i s  sometimes necessary t o  decrease the c r y s t a l  thickness 
i n  order t o  decrease the s e n s i t i v i t y  of t h e  spectrometer t o  y-quanta, even when 
a special  scheme i s  used t o  discriminate against  y-pulses. For t h i s  reason a 
toluylene c r y s t a l  with a thickness of 5 mm w a s  used i n  t h e  described spectrom
e t e r ,  which w a s  designed f o r  taking measurements on a nuclear reac tor .  Figure 
1 shows the correct ions f o r  such a c r y s t a l  as a function of neutron energy, 
computed by means of the equations presented above. As we can see from the 
figure,  the correct ion f o r  secondary s c a t t e r i n g  (curve 2) varies ins igni f icant 
ly ,  whereas the correct ion f o r  incomplete proton energy absorption (curve 1) 
increases sharply with energy. These curves were used i n  processing the 
s u l t s  of measurements. 

It i s  not necessary t o  take i n t o  account the  e f f e c t  of neutron sca t te r ing  
by carbon nuclei  when processing the  measurement r e s u l t s ,  because the f306 
carbon recoi lnucleiwhen t h i s  energy i s  the same as  t h a t  of the r e c o i l  hydrogen 
nucleus, produce a l i g h t  f l a s h  much smaller than t h a t  produced by the protons 
(ref. 11). A t  the same t i m e ,  the  carbon r e c o i l  nucleus receives approximately 
four  times l e s s  energy than the  r e c o i l  protons. The e f f e c t  produced by the  
carbon react ion,  which leads t o  the formation of charged p a r t i c l e s ,  i s  negli
g ib ly  small, because the cross sect ions of these react ions a re  much smaller 
than the (n, p)  - in te rac t ion  cross section. 

Depending on the  neutron energy, the  effect iveness  computed by means of 
equation (1)f o r  a toluylene c r y s t a l  of 5 mm thickness var ies  from 3 percent 

* ' I 

: . .. . . . -

- I 

Neutron energy, MeV 

Figure 1. Corrections used f o r  processing measure
ment r e s u l t s  of continuous f a s t  neutron spectra  f o r  
toluylene c r y s t a l  of 5 mm thickness: 1, correct ion 
for wal l  e f f e c t ;  2, correct ion f o r  secondary scat
tering; 3, effect iveness  of recording neutrons. 
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for Eo = 2 MeV t o  1.3 percent when EO = l o  MeV ( f i g .  1). ~!IO other  fas t  neutron 

s c i n t i l l a t i o n  spectrometer has such a high effect iveness .  The s ingle  c r y s t a l  
spectrometer i s  designed t o  operate with the  FEU-33 photomultiplier. To ex
clude the e f f e c t  of background y-radiation, a discrimination scheme i s  used as  
proposed i n  reference 6. The discrimination scheme i s  balanced by a 1307 
device whose block diagram i s  shown i n  f igure  2. By means of t h i s  scheme every 
impulse on t h e  screen of the  oscil loscope i s  represented by a luminescent point  
( f i g .  3 ) .  When the scheme i s  adjusted, an operating condition i s  achieved such 
t h a t  the pulses from electrons ( the lower luminescent l i n e )  have a minimum 
amplitude. 

The spectrometer f o r  measuring the continuous fas t  neutron spectra  i s  as
sembled according t o  the block diagram shown i n  f igure  4. A pulse whose ampli
tude is  proportional t o  the r e c o i l  proton energy i s  picked up from one dynode 
of the photomultiplier and i s  transmitted through the cathode follower t o  the 
l i n e a r  pulse amplifier.  The amplified pulse i s  transmitted through the delay 
l i n e  t o  the e lec t ronic  ga te .  The operation of the  spectrometer i s  controlled 
by a pulse from the output of the  discrimination c i r c u i t ,  which i s  fed through 
the cathode follower t o  the amplif ier  and then t o  t h e  i n t e g r a l  discriminator.  
The i n t e g r a l  discriminator a l s o  serves as a controlled s ingle  f l i p - f l o p  o s c i l 
l a t o r  and i s  adjusted so t h a t  it i s  t r iggered only by the proton pulses.  A 
type USh-10 amplifier i s  used t o  amplify pulses i n  both channels; the pulse am
pl i tude  analyzer consis ts  of the type AI-100-1 100-channel analyzer. 

The qua l i ty  of spectrometer operation w a s  checked by measuring the neutron 
spectra  from Po + Be, Po + B sources of a nuclear reactor  and the deformation 
of the Po + Be source spectrum i n  water. The source spectra  and reactor  /308 
measurements were carr ied out with a collimated flux; f o r  t h i s  purpose the 
spectrometer sensor was placed i n t o  a cy l indr ica l  coll imator made of paraf f in  
with boron carbide and lead ( f i g .  5 ) .  The deformation of the  spectrum w a s  
measured under conditions close t o  the  conditions of " i n f i n i t e "  geometry. 

Figure 2. Block diagram of device f o r  balancing 
discrimination c i r c u i t :  S, source of f a s t  neu
trons or y-quanta; FIXJ, spectrometer sensor with 
a discrimination c i r c u i t ;  CF, cathode follower; 
A, amplifier; SU, shaping uni t ;  BU, b i a s  l i g h t 
i n g  uni t ;  10-4,oscil lograph (s igna ls  are  fed di
r e c t l y  t o  def lec t ion  p l a t e s  of cathode ray tube) .  



Figure 3. Oscillogram of pulses observed on screen of 
10-4 oscilloscope when c rys t a l  i s  i r radiated by neu
trons and by y-quanta from Po -t Be source and by 

60 
y-quanta from Go source. 

s 
Y 

Figure 4. Block diagram of single c rys t a l  
f a s t  neutron spectrometer: S, - rad ia t ion  
source; FEU, -spectrometer sensor with d i s 
crimination circui t ;  C!FJ cathode follower; 
-A, l i nea r  pulse amplifier; DL, delay 
l i n e ;  EG, .electron gate; A, amplifier; D, 
in tegra l  discriminator; PAA, pulse ampli
tude analyzer. 

Figure 5. Ecternal view of. spec
trometer sensor i n  collimator on 
ve r t i ca l ly  adjustable stand. 

456 



Neutron energy, MeV 

Figure 6. Spectrum of f a s t  neutrons from source 

D (a ,  n) He’. 

I n  order t o  i n t e r p r e t  the r e s u l t s  which were obtained the spectrometer w a s  

previously cal ibrated by measuring the spectra of Compton e lec t rons  from Cs137, 
60

Co and Po + Be source of y-quanta. The data of reference 11were used t o  
m a k e  the transformation from e lec t ron  energy t o  proton energy. 

. The r e s u l t s  of measuring the spectrum of (a, n)-neutrons a re  shown i n  
f igure 6. I n  accordance with expression ( 5 )  the equipment spectrum of f a s t  
neutrons w a s  obtained by graphic d i f f e r e n t i a t i o n  along channels beginning with 
the region of maximum amplitudes. The d i s t r i b u t i o n  obtained i n  t h i s  manner was 
transformed i n t o  an energy d i s t r i b u t i o n  by introducing a correct ion f o r  the ef

fectiveness.  The measured spectrum of neutrons from the react ion D(d ,  n)He3 
coincided w e l l  with t h e  known spectrum; the r e s u l t s  of measuring the  spectra  
of Po + Be, Po + B and other  sources a l s o  agreed w e l l  with e x i s t i n g  data. A 
good coincidence of the spectra  w a s  a l so  confirmed by the  cor rec t  ca l ibra t ion  
of the spectrometer by means of y-radiation sources. 

The spectrum of fas t  neutrons leaving the act ive zone of the nuclear re
ac tor  w a s  measured a t  the l a t e r a l  experimental channel of the reac tor .  The 
neutrons from the ac t ive  zone t rave l led  along a channel with a diameter of 
100 mm and a length of 2.5 m i n  a concrete shielding and through a collimator 
(with an opening diameter  of 20 mm) and entered the toluylene c r y s t a l .  The 
r e s u l t s  of the  measurements are shown i n  f igure  7. Within t h e  limits of 
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Neutron energy, MeV 

Figure 7. Neutron spectrum of nuclear reactor:  

1, measured spectrum; 2, U23’ f i s s i o n  neutron 
spectrum. 

experimental e r r o r  the measured spectrum coincides with the spectrum of U235 
f i s s i o n  neutrons i n  the regions of energies grea te r  than 3 MeV. 

Measurements of the deformation of neutron spectrum from the PO + Be 
source were carr ied out i n  a tank with water. 
placed i n  water and the distance between them was varied from 0 t o  33 em. 
data obtained w e r e  used t o  compute the at tenuat ion cross sections of neutrons 

The source and the detector  	were 
The 

i n  water as a function of energy. The resu1,ts agreed with the data  presented 
i n  reference 12. 

Thus the control  measurements showed t h a t  the  spectrometer i s  r e l i a b l e  i n  
operation. I n  the region of neutron energy g r e a t e r  than 0.9 MeV it i s  easy t o  
process the r e s u l t s  of the measurements; the spectrometer i s  p r a c t i c a l l y  insen

s i t i v e  t o  y-radiat ion when the flux of y-quanta i s  approximately lo4 times 
grea te r  than the  neutron flux (ref. 13).  
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PERMISSIBLE GAMMA 3ACKGROUND RADIATION WHEN MEASURING FAST 
XEUTRONS WITH A SINGLE SENSOR SPECTROMETER 

Yu. A. Yegorov, Yu. V. Orlov and Yu. V. Pankrat'yev 

S c i n t i l l a t i o n  spectrometers of fas t  neutrons with a s ingle  sensor, 1310 
which discriminate against  the background y-radiat ion on the  bas i s  of the t i m e  
difference i n  the de-excitation of organic s c i n t i l l a t o r s  when these are  i r r a d i 
ated b y  fas t  neutron fluxes and y-quanta, do not record y-quanta, i f  the dose 
power produced by them does not exceed a permissible value. When t h i s  permis
s ib le  dose f o r  the spectrometer i s  exceeded, discrimination against  the back
ground y-radiat ion ceases t o  f i n c t i o n  and the spectrometer records y-quanta 
along with the f a s t  neutrons. 

The value of the permissible dose power depends on the method used i n  the  
spectrometer t o  separate pulses due t o  neutrons and radiat ion:  a method of 
achieving separation by means of e lec t ronic  c i r c u i t s  ( r e f .  1)or  a method based 
on the use of the space charge t o  sa tura te  the  region between t h e  l a s t  dynode 
and anode of t h e  photomultiplier ( re f .  2) .  In  addition, the value of the per
missible dose power of y-radiat ion depends on the  value of the  spectrometer 
energy threshold. It i s  obvious t h a t  as  the energy threshold of the spectrom
e t e r  becomes higher, the permissible dose power of y-radiat ion a l s o  becomes 
greater .  When the energy threshold i s  decreased the permissible dose power 
a l s o  decreases. 

I n  order t o  study f a s t  neutron spectra  i n  the presence of background y
radiat ion,  the values of the permissible dose power f o r  y-radiat ion were deter
mined f o r  spectrometers with the  background y-radiat ion discrimination schemes 

proposed i n  references 1 and 2.' Both f a s t  neutron spectrometers were assem
b l e d  according t o  the same block diagram, and the  sensors of both spectrometers 
u t i l i z e d  the  FEU-33 photomultiplier with a toluylene c r y s t a l  o f  30 mm diameter 
and 20 mm height.  The discrimination c i r c u i t s  f o r  the  background y-radiat ion 
f o r  both spectrometers were constructed i n  such a way t h a t  the  energy threshold 

'The schemes f o r  d i f f e r e n t i a t i n g  against  background y-radiat ion proposed, f o r  
example, i n  references '3 and 6 may be used t o  measure fas t  neutron spectra  
when we have a subs tan t ia l ly  smaller background y-radiat ion and therefore  are  
not considered. The r e s u l t s  reported i n  references 7 and 8 coincide with the 
r e s u l t s  of the present work. 
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of the spectrometer w a s  equal t o  0.6 f 0.1 MeV. The value of the energy 
threshold w a s  determined from the r e s u l t s  of measuring the spectra of fast neu

t rons  from the  D (a, n) H e 3  reaction. To determine the s e n s i t i v i t y  of the  
spectrometer t o  y-radiation, i t s  sensor was placed i n  a constant value neutron 
f lux  f romthe  Po + Be source, and the dose power of y-radiation was measured. 

The source of y-radiation was Co60 . 
The r e s u l t s  obtained f o r  a spectrometer with a separation scheme which 

compares the  pulse of the  t o t a l  charge with the peak pulse are shown i n  figure 
1. W e  can see from the figure t h a t  when the neutron count rate i s  approximately 

200 min-l  the fast neutron spectrometer does not record y-radiation with a max
imum energy of 1.33 MeV, i f  the  dose power y-radiation does not exceed 4 pR/sec. 
A s  the  dose power is  increased, the count r a t e  increases and by using a special  
c i r c u i t  ( ref .  3) w e  can c l ea r ly  see on the  oscilloscope screen t h a t  the  pulses 
due t o  y-radiation approach i n  amplitude t h e  pulses produced by r eco i l  protons. 

The results obtained f o r  the  spectrometer i n  which a space charge 
scheme i s  used to discriminate against  background y-radiation are  shown i n  

/31 

f igure  2. W e  can see t h a t  when the  neutron recording l e v e l  i s  approximately 

300 min-' the  spectrometer begins t o  record the  y-radiation of Co60, with the 
dose power 15-20 pR/sec. A s  the dose power of y-radiation i s  fur ther  increased, 

-. 
to 


Strength of y- Strength of  y
radiat ion dose, radiat ion dose,

pR/sec wR/sec 

Figure 1. Calculated Figure 2. Calculated 
charac te r i s t ics  of f a s t  charac te r i s t ics  of f a s t  
neutron spectrometer neutron spectrometer with 
with separation scheme separation scheme of y 
which compares pulse of background and space 
t o t a l  charge with peak charge. 
pulse. 
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the  rate of count decreases and the  recorded pulses include pulses produced by 
neutrons and by y-radiation. Calculations car r ied  out f o r  t h i s  spectrometer 
show t h a t  when the dose power of y-radiation i s  approximately 10  pR/sec the  
effect iveness  of the  spectrometer r e l a t ive  t o  fast neutrons from the Po + Be 
source i s  equal t o  1 4  percent, and relative t o  the  y-radiation from the  Co60 
source it is equal t o  0.005 percent. 

The s e n s i t i v i t y  of fast  neutron spectrometers, u t i l i z i n g  the space charge 
scheme fo r  discriminating against  y-radiation, w a s  checked by measurements con
ducted on the nuclear reac tor .  Experiments have shown t h a t  the  spectrometer 
records y-radiation with energies grea te r  than 3 MeV. In  t h i s  case on the l as t  
dynode of the photomultiplier there  a re  posi t ive overshoots from the  negative 
pulses produced by the  electrons,  i n  addition t o  the posi t ive pulses due t o  the 
r e c o i l  protons. The amplitude of the posi t ive overshoots increases with elec
t ron  energy. Thus the background y-radiation discrimination l e v e l  es tabl ished 

f o r  Co60 y-quanta i s  in su f f i c i en t  when EY 2 3 MeV. The pulses produced by the 

Compton electrons w e r e  c l ea r ly  seen i n  the amplitude d is t r ibu t ion ,  and t h e i r  
presence was confirmed experimentally by using a f i l t e r  of paraf f in  with a 
thickness o f  20 em. The amplitude d i s t r ibu t ion  measured with the  f i l t e r  and 
without the f i l t e r ,  f o r  En > 6 MeV, were almost unchanged, whereas fo r  En < 6 

MeV the number of pulses decreased approximately by a f ac to r  of 10 .  To elimi
nate the background y-radiation produced by the  reactor,  the  discrimination 
l e v e l  i n  the spectrometer w a s  increased from 0.6 t o  2.1 MeV. When the energy 
threshold i s  2.1 MeV it i s  possible t o  measure the  spectrum of f a s t  neutrons 
when the r a t i o  of neutron f l u x  t o  y-quanta f lux i s  1:2000. 

To measure the spectrum of reac tor  f a s t  neutrons i n  the energy range from 
0.8 t o  10 MeV the experime.nt was conducted twice: f o r  the  energy threshold o f  
0.6 and 2 .1  MeV, respectively,  ( r e f .  4 ) .  
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THE GAMMA-SPECTROMETER BASED ON TEE FORMATION OF 
E&!ZC'IXON-POSIlXON PAIRS 

V. N. Avayev, Yu. A. Yegorov and Yu. V. Orlov 

Annihilation y-radiat ion consisting of two y-quanta, each with an /3l2 
energy of 0.31 MeV, occurs when the substance of the  s c i n t i l l a t o r  absorbs the  
energy of y-quanta due t o  the  formation of the electron-posi t ron pa i r .  If the 
dimensions of the  s c i n t i l l a t o r  are  small, t h e  annih i la t ion  y-quanta escape from 
it. I n  t h i s  case an energy E+ = E;vo-1.02 MeV i s  absorbed i n  the  s c i n t i l l a t o r .  

This makes it possible t o  design an electron-positron p a i r  s c i n t i l l a t i o n  spec
trometer with d e f i n i t e  advantages over o ther  spectrometers. The spectrometer 
system i s  designed t o  measure the amplitudes of only those pulses due t o  the 
absorption of y-quanta energy as  a r e s u l t  of the p a i r  formation process. To 
achieve this, the sensors of the spectrometer, i n  addi t ion t o  the s c i n t i l l a t o r  
illuminated by the  flux of source y-quanta, contain two auxi l ia ry  s c i n t i l l a t o r s  
t o  record the annihi la t ion y-quanta. 

When the  amplitude d i s t r i b u t i o n  of pulses i s  measured when the c e n t r a l  
s c i n t i l l a t o r  i s  illuminated with a f lux  of monochromatic y-quanta, a s ingle  
maximum i s  obtained and a r e l a t i v e l y  small low energy d is t r ibu t ion .  This d i s 
t r i b u t i o n  i s  due t o  the  leakage of re ta rda t ion  rad ia t ion  and of e lectrons from 
the cent ra l  s c i n t i l l a t o r .  

When complex y-spectra are measured, a s ingle  maximum corresponds t o  each 
y- l ine i n  the amplitude d is t r ibu t ion .  

Since the low energy background radiat ion i s  small, it is  not necessary t o  
introduce corrections f o r  the low energy d i s t r i b u t i o n  i n  a series of cases when 
measuring the continuous y-spectra. 

These merits of a s c i n t i l l a t i o n  y-spectrometer involving the electron-
posi t ron p a i r s  may, indeed, dis t inguish it advantageously from other  y
spectrometers, p a r t i c u l a r l y  from spectrometers with a s ing le  s c i n t i l l a t o r  of 
even la rge  dimensions. 

The d i f f i c u l t i e s  associated with the  i n t e r p r e t a t i o n  of r e s u l t s ,  when mea
surements of complex y-spectra are carr ied out  by a spectrometer with a scin
t i l l a t o r  of r e l a t i v e l y  small dimensions are wel l  known ( f o r  example, with a 
s c i n t i l l a t o r  whose diameter and height are less than 40 mm). The measured d i s 
t r i b u t i o n  of pulse amplitudes may simultaneously contain three  d is t r ibu t ions :  
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a continuous Compton d i s t r i b u t i o n  f o r  each y-line,  t h e  peaks of the t o t a l  y
quanta energy absorption (due t o  the photoeffect or multiple sca t te r ings)  and 
peaks of energy absorption due t o  the e f f e c t  of p a i r  formation, where f o r  a 
s ingle  energy of y-quanta it i s  possible t o  have three peaks ( r e f .  1). 

The s i t u a t i o n  i s  somewhat simpler, i f  the dimensions of the s c i n t i l l a t o r  
are s u f f i c i e n t l y  l a r g e  ( f o r  example, a diameter  and height of 80 mm). However, 
i n  this case the processing of measurement results f o r  the  continuous y-spectra 
i s  ra ther  d i f f i c u l t  and requires  a la rge  number of preliminary calculat ions 
(ref. 2) or experiments (ref. 3 ) .  

The measurement of continuous y-spectra by means of the Compton spectrom
eter i s  possible only for energies less than 2-3 MeV. For la rge  energies the 
basic  peak i s  accompanied by peaks due t o  the p a i r  formation e f f e c t  ( re fs .  4 
and 5 ) .  

I n  addi t ion it should a l s o  be pointed out  t h a t  a spectrometer of p a i r s  i s  
p r a c t i c a l l y  insens i t ive  t o  fas t  neutrons. The property of the p a i r  s c i n t i l l a 
t i o n  spectrometer i s  p a r t i c u l a r l y  valuable, i f  the spectrometer i s  used t o  mea
sure the y-spectra i n  the  presence of a neutron background, for example, when 
measurements are made on nuclear reactors .  

However, the s c i n t i l l a t i o n  y-spectrometer of p a i r s  has two s i g n i f i - /313 
cant shortcomings: f i rs t ,  the effect iveness  of the  spectrometer i s  small and 
i n  i t s  order of magnitude L i e s  between t h e  effect iveness  of the  spectrometer 
with a s ingle  s c i n t i l l a t o r  and the effect iveness  of t h e  Compton spectrometer; 
i n  t h e  second place, the e lec t ronic  c i r c u i t s  of the spectrometer are r a t h e r  
complicated. 

Nevertheless, the s c i n t i l l a t i o n  y-spectrometer of p a i r s  described below i s  
successfully used t o  measure the  deformation of nuclear reactor  y-spectra i n  a 
shielding f o r  the region where the y-quanta energy i s  grea te r  than 1.5 MeV and 
f o r  invest igat ing t h e  output of capture y-radiation. 

A block diagram of the  s c i n t i l l a t i o n  y-spectrometer of p a i r s  i s  shown i n  
figure 1. The c e n t r a l  s c i n t i l l a t o r  i s  mounted on t h e  FEU-1 photomultiplier, 
and the s igna l  from t h i s  photomultiplier passes through the cathode follower 
CF, i s  amplified by the  amplif ier  A and i s  f ed  t o  t h e  f i rs t  delay l i n e  1DL. 
Next the s igna l  passes through the  cathode follower C F  and then follows 2 c i r 
cu i t s :  t o  the  coincidence c i r c u i t  CC and through the delay l i n e  2DL t o  the 
input of the e lec t ronic  gate  EG. 

The s igna ls  from the a u x i l i a r y  sensors (FEU-2 and FlW-2') a l so  pass 
through cathode followers C P  t o  t h e  single channel pulse amplitude analyzers 
AA, which s e l e c t  only those pulses due t o  the complete or almost complete ab
sorption of annfhi la t ion y-quanta energy i n  the s c i n t i l l a t o r s  of the auxi l ia ry  
sensors. 

The pulses from t h e  amplitude analyzers are shaped by the shaping u n i t  SU 
and fed t o  the  input  of t h e  first coincidence c i r c u i t  1CC. If coincidence takes 
place,  the pulse from the  output i s  fed t o  the  second coincidence c i r c u i t  CC. 
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FEU- 2 ' 
L~CFH A &DL 

Figure 1. Block diagram of e lectron-posi t ron p a i r  y-spectrometer.
FEU-1, c e n t r a l  spectrometer sensor; FEU-2 and FEU-2', auxi l ia ry  
side sensors; CF, cathode follower; A, l i n e a r  pulse amplifier;  1DL 
and 2DL, delay l ines ;  AA, s ingle  channel amplitude analyzer; SU, 
shaping uni ts ;  1 C C  and CC, coincidence c i r c u i t s ;  EG, e lec t ron  
gate; LD, l imitor-discriminator;  PAA, 100 channel amplitude 
analyzor . 

If a pulse from the main spectrometer channel a l s o  appears a t  the CC c i r c u i t  a t  
t h i s  time, the second coincidence c i r c u i t  opens an e lec t ronic  gate  and the 
pulse from the main channel passes through the l imitor-discriminator LD t o  the 
pulse amplitude analyzer PAA. 

I n  r e a l i t y  it i s  possible t o  have c e r t a i n  e f f e c t s  of grea te r  complexity 
which cause a l l  of the  c i r c u i t s  t o  operate, even though energy absorption has oc
curred r a t h e r  than the e f f e c t  produced by pa i rs .  However, these e f f e c t s  are 
ins igni f icant  and w i l l  be examined below. 

The cent ra l  sensor i n  t h i s  spectrometer cons is t s  of a type FEU-42 spec
trometer photomultiplier, which a l so  holds the NaJ(T1) spectrometer c r y s t a l  with 
a diameter and height of 40 mm. The auxi l ia ry  spectrometer sensors use the 
FEU-43 photomultiplier and C s J ( T 1 )  c r y s t a l s  with a diameter and height of /314
30 mm. The pos i t ion  of the sensor i s  shown schematically i n  f igure  2. 

The c r y s t a l s  and the photomultipliers are  placed i n  a l i g h t t i g h t  T-shaped 
case. This case a l so  contains the cathode followers. The case i s  mounted on a 
spec ia l  base with v e r t i c a l  guides ( f i g .  3) so t h a t  the pos i t ion  of the  cent ra l  
sensor s c i n t i l l a t o r  can be adjusted from 2'3 t o  100 cm r e l a t i v e  t o  the base. 

I n  order t o  i s o l a t e  pulses of d e f i n i t e  amplitude, the control  channel of 
the spectrometer contains standard AADO-1 single  channel analyzers. The AADO 
analyzers are  p a r t i c u l a r l y  useful  i n  t h i s  application, because it i s  possible 
t o  control the threshold and channel width i h  them over wide l i m i t s .  

The PAA amplitude analyzer consis ts  of the  100 channel Al-100-1analyzer. 

The l i n e a r  pulse amplifier A uses a simple c i r c u i t  with feedback. I t s  
gain i s  controlled and varied from 10-180. The remaining u n i t s  of the block 
diagram form the commutation and s igna l  shaping system. 
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Figure 2. Posi t ion of spectrom
e t e r  sensors. 

The basic charac te r i s t ics  of the s igna l  shaping and commutation system are 

as  follows: the resolving t i m e  of the f irst  coincidence c i r c u i t  i s  1 X 10-6 

see; the resolving time of the  second coincidence c i r c u i t  i s  1.5 X sec; 
the duration of the control  pulses i s  3.5 Psec; the t r a n s f e r  coef f ic ien t  of 
the basic  s igna l  i s  approximately 0.2.  

All of the e lec t ronic  u n i t s  of the spectrometer a re  assembled on two racks 
( f i g .  4), which i n  addi t ion t o  t h e  u n i t s  described above contain the high vol t 
age r e c t i f i e r  (HVR) f o r  feeding the  photomultipliers and two counting systems 
used t o  control  the operation of the coincidence c i r c u i t s  and t o  car ry  out the 
i n t e g r a l  count a t  the output of the e lec t ronic  gate .  

Since the voltage s t a b i l i z a t i o n  coef f ic ien t  of the type FNR r e c t i f i e r  i s  
small, s t a b i l i z a t i o n  c i r c u i t s  s imi la r  t o  those described i n  reference 6 a re  
used t o  feed the photomultipliers i n t o  the spectrometer. 

I n  checking the operation of the spectrometers without the amplitude an
alyzers  i n  the control  channel of the spectrometer, it became c l e a r  t h a t  the 
low energy d i s t r i b u t i o n ,  which accompanies the formation of p a i r  peaks, i s  
r a t h e r  la rge  ( f i g .  5 )  and i s  pr imari ly  due t o  the formation of f a l s e  coinci
dences i n  the a u x i l i a r y  sensors during the  simultaneous absorption of the ener
gy of source y-quanta i n  the c e n t r a l  sensor due t o  Compton sca t te r ing .  

A contribution t o  the  l o w  energy d i s t r i b u t i o n  i s  a l so  made by the proces
ses of double Compton scat ter ing:  the source y-quantum f i r s t  undergoes Compton 
sca t te r ing  i n  the s c i n t i l l a t o r  of the c e n t r a l  sensor, so t h a t  the secondary 
y-quantum enters  the s c i n t i l l a t o r  of one of the l a t e r a l  sensors and there  un
dergoes Compton sca t te r ing .  The scat tered y-quantum enters  the s c i n t i l l a t o r  of 
the second auxi l ia ry  sensor and i s  absorbed there .  This e f f e c t  i s  p a r t i c u l a r l y  
noticeable when the  energy of y-quanta i s  s l i g h t l y  grea te r  than 1.02 MeV. 
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Figure 3. External view of un i t  containing 
spectrometer sensors. 

The introduction of analyzers with a window width from 400 t o  550 keV in to  
the control channel ( i n  order t o  se lec t  the thresholds and channels of ampli

tude analyzers, the amplitude d is t r ibu t ion  due t o  Hg203 and Cs137 y-quanta was 
measured i n  the control channel of the spectrometer by means of these same 
analyzers) substant ia l ly  reduces the number of f a l se  coincidences and complete
l y  eliminates the recording of double Compton scatterings,  because the energy 
of the l a s t  y-quantum i n  t h i s  process i s  close t o  250 keV. 

Indeed, while measuring the y-spectrum of the Po + Be source , . i t  has been 
noted t h a t  when analyzers are connected t o  the control channel, the low energy 
d is t r ibu t ion  decreases almost by a f ac to r  of 10 ( f ig .  5 ) .  The same f316 
decrease i n  the low energy background radiat ion i s  observed when measuring the 

y-spectrum of the Na24 source (fig.  6). The occurrence of low energy background 
radiation, when measurements are made with amplitude analyzers i n  the spectrom
e t e r  control channel, is associated with the incomplete absorption of energy E

Y 
(1.02MeV) i n  the s c i n t i l l a t o r  of the cent ra l  sensor, due t o  p a r t i a l  electron 
leakage and retardat ion radiation. 
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Figure 4. External view of racks with 
e lec t ronic  u n i t s  of spectrometer. 

We can see from f igures  5 and 6 t h a t  the low energy background rad ia t ion  
does not exceed 2-3 percent of the peak height, i . e . ,  it l i e s  within the accur
acy of measurements. Therefore, when continuous y-spectra a re  measured, it i s  
not necessary t o  introduce a correct ion for the  low energy d i s t r i b u t i o n  when 
processing the measurement r e s u l t s .  This s i t u a t i o n  makes the p a i r  spectrometer 
a ra ther  useful  device f o r  measuring continuous y-spectra. 

Measurements of the  Po + Be source y-spectrum and the nuclear reac tor  y
rad ia t ion  spectrum were made t o  determine the s e n s i t i v i t y  of the  p a i r  y
spectrometer t o  neutrons. Measurements were carr ied out with bismuth f i l t e rs  
with a thickness of 100 mm (ref. 7) and without f i l t e rs .  

The Po + Be source produces the  same number of y-quanta and neutrons, and 
it i s  not  possible t o  note the d i s t o r t i o n  of the y-spectrum due t o  t h e  sensi
t i v i t y  of t h e  spectrometer t o  neutrons. When the reac tor  y-spectrum i s  1317 
measured without a bismuth f i l t e r  i n  the  region of y-radiat ion energies s l i g h t l y  
less than 2.5 MeV, the  d i s t o r t i o n  of the y-spectrum by the neutron background 
i s  observed. However, t h i s  d i s t o r t i o n ,  on the  average, i s  equal t o  2 percent 
of the measured d i s t r i b u t i o n  a t  these same energies and i s  somewhat grea te r  a t  
smaller energies.  

469 




Channel number 

Figure 5.  Gamma-spectrum of Po + Be source 
measured without amplitude analyzers i n  
control  channel of spectrometer (1)and 
measured with amplitude analyzers i n  control 
channel (2). 

Thus the examination of pa i r  y-spectrometer s e n s i t i v i t y  t o  neutrons has 
yielded the following r e su l t s .  

1. I n  the region of y-quanta energies s l i g h t l y  less than 2.5 MeV it i s  
possible t o  have some d i s to r t ion  i n  the y-spectrum (not greater  than 10  per
cent) ,  which can be eliminated by auxi l ia ry  measurements with a bismuth f i l t e r  
of 100 mm thickness.  

2. If the r a t i o  of neutron f luxes t o  y-quanta f luxes i s  approximately 
equal t o  unity,  the d i s to r t ion  of the y-spectrum i s  p rac t i ca l ly  unobserved. 
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Figure 6. Na24 y-spectrum measured by spectrometer 
with amplitude analyzers i n  control  channel (2)  and 
without analyzers (1). 

3. When the energy of y-quanta i s  grea te r  than 2.5 MeV, the d is tor t ions  
of the y-spectrum by the neutron background i s  a l so  unobserved. 

To make a quant i ta t ive evaluation of the relat ionships ,  the effect iveness  
of spectrometer � i s  computed f o r  the y-spectrum 

where K i s  the  l i n e a r  coef f ic ien t  of y-radiation energy absorption due t o  the 
formation of p a i r s  i n  the  c r y s t a l  of the cent ra l  sensors; p i s  the t o t a l  l i n e a r  
absorption coef f ic ien t  for y-radiat ion i n  the  same crys ta l ;  d i s  the thickness 

of the c r y s t a l  i n  the cent ra l  sensor; t = (l-e-pIR)k i s  the  effect iveness  of 
recording annihi la t ion y-quanta with the  auxi l ia ry  c rys ta l s ;  p1 i s  the t o t a l  

l i n e a r  a t tenuat ion coeff ic ient  f o r  y-radiat ion with an energy of 0.51 MeV by 
the auxi l ia ry  c rys ta l ;  R i s  the average distance t rave l led  by the annihi la t ion 
y-quanta i n  t h e  auxi l ia ry  c rys ta l ;  k i s  the coef f ic ien t  which takes  i n t o  ac
count the analyzer channel widths i n  the spectrometer control  channel; 5 i s  the 
correct ion for the  absorption of annih i la t ion  y-quanta i n  the s c i n t i l l a t o r  of 
the c e n t r a l  sensor; a i s  a s o l i d  angle covered by the auxiliary s c i n t i l l a t o r s ;  



(,;;:!,:;,)is a correct ion f o r  the  "threshold" of t h e  spectrometer; E 'Y i s  f318 

the  threshold energy of the  spectrometer. 

As  the energy of y-quanta increases,  the  correct ion fo r  the spectrometer 
threshold rap id ly  decreases. For t h e  spectrometer described above the magni
tude of the  threshold energy i s  approximately 230 keV and when E

Y 
2 2 MeV 

l:.7-I:' 

. '

I'..? 
y - 1 .  


We note t h a t  the  value of t i n  the  first approximation does not depend on 
the energy of the investigated y-quanta, and it can be neglected when process-
Fng the measurement r e s u l t s .  

To determine the t r u e  effect iveness  of the spectrometer we computed the  

quant i ty  x/p (1-e-W) as a function of energy and normalized it according t o  

the results obtained by measuring the y-spectrum of the  source of known 
a c t i v i t y .  The effect iveness  obtained from measurements with the Po + Be source 
agreed s u f f i c i e n t l y  w e l l  with computed r e s u l t s  ( f ig .  7). 

A s  we can see from f igure 7 the effect iveness  of the p a i r  y

spectrometer var ies  approximately from 5 X percent with Ey = 2 MeV t o  

5 X percent with E
Y 

= 1 0  MeV. The value of spectrometer 
effectiveness s u b s t a n t i a l l y  exceeds t h e  effect iveness  of magnetic 

7 2 3 

Energy of y-quanta, MeV -
Figure 7. Variation i n  effect iveness  of spectrometer 
as function of y-quanta energy: , computed 
data; 0 ,  experimental data .  
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p a i r  y-spectrometers. By using auxi l iary s c i n t i l l a t o r s  of large dimensions and 
placing them i n  such a way t h a t  aZ1, the effect iveness  of the spectrometer 
may be increased fur ther .  The increase i n  the  effect iveness  may a l so  be 
achieved by control l ing the quantity 5 ,  i .e.,  by select ing the optimum dimen
sions of the central. s c i n t i l l a t o r .  
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APPLICATION OF A SINGLF,CRYSTAL GAMMA.-SPECTROMETm 
FOR TAKING MEX3UREMEWTS ON A NITCL;EARREACTOR 

Yu. A. Yegorov and Yu. V. Orlov 

In order to carry out a proper design of nuclear reactor shielding /3Sg
it is necessary to know the spectrum of y-radiation leaving the active zone of 
the reactor and the transmission spectra of primary and capture y-radiation 
through materials used in the shielding. 


The spectrum of y-radiation leaving the active zone of the reactor may be 
computed approximately; however, it is not possible to compute the transmission 
spectra in practice when considering the capture y-radiation, particularly if 
the shielding consists of several materials. For this reason in the experimen
tal investigation of y-spectra from reactors and of transmission spectra of y
radiation it is the only presently available method of obtaining reliable data 
on y-spectra from reactor shielding. 

We can measure the spectra of y-radiations leaving the active reactor zone 
and the transmission spectra of y-radiations through shielding materials by ap
plying various spectrometers. However, the most suitable spectrometer for such 
measurements is the single crystal scintillation spectrometer for the total ab
sorption energy of y-quanta, i.e., a spectrometer with a crystal of relatively 
large dimensions. Such a spectrometer has high effectiveness for recording 
y-quanta and its electronic circuits are simple and stable in operation. 

It has been shown in reference 1 that by using a spectrometer with a 
NaJ (Tl) crystal with dimensions of lgO x 200 mm it is possible to measure the 
y-spectra in the energy interval from hundreds of keV to approximately 10 MeV, 
i.e., practically of the entire range of possible y-quanta energies from a 
nuclear reactor. However, it is very difficult to obtain crystals of large
dimensions with a high spectrometric property, and such crystals are not 
available toall experimentors. 

The application of a single crystal scintillation spectrometer on nuclear 

reactors is complicated by the presence of a substantial neutron background. 


We have made an effort to evaluate the possibility of measuring continuous 
y-spectra in the presence of a neutron background by means of a spectrometer 
with a NaJ (Tl) crystal (diameter and height of 90 mm) and a CsJ (Tl) crystal
(diameter and height of 80 mm) . The spectrometer was assembled in accordance 
with a conventional block diagram. The crystal was mounted on the spectrometer 
type FEU-43 photomultiplier. A standard linear U1S-2 amplifier, which cannot 
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be overloaded, was used to amplify the pulses. The 100 channel type Al-100-1 
amplitude analyzer was used to analyze the pulse amplitudes in the spectrometer. 
During the measurements the spectrometer sensor was placed into a lead col
limeter. The diameter of the collimeter opening could be varied from 0.3  to 4 
cm. The length of the collimation opening was 20 cm for any diameter. 

The concept of "total y-quanta energy absorption" has a relative meaning when 

applied to the spectrometer crystal: the dimensions of the crystal are always 

limfted and a certain amount of leakage of y-radiation energy from the crystal 

is possible. For this reason the amplitude distribution obtained from meas

urements with a monochromatic source of y-radiation always consists of two 

parts: peaks of total energy absorption and a continuous low energy distri

bution due to the incomplete absorption of energy. The degree of energy ab

sorption completeness is characterized by the value of the photocontribution, 

i.e., by the ratio of the area under the peak of total absorption in amplitude 

distribution to the area under the entire distribution. The magnitude of the 

photocontribution depends on the energy of y-quanta, on crystal dimensions and 

on the density of crystal material. 


For NaJ (Tl) and CsJ (Tl) crystals of given dimensions, when measurements 

are taken with a collimated beam of y-quanta, the value of the photocontribution 

first decreases rapidly and then remains approximately constant as the energy of 

y-quanta increases (ref. 2). 


Thus for NaJ (Tl) crystal with a diameter of 12.5 cm and a height /32O
of 10 cm the minimum value of the photocontribution takes place when the energy 
of y-quanta is approximately 6 MeV (ref. 3). Consequently, if we were able to 
obtain a sufficiently high photocontribution with our crystal for E

Y 
1 5  MeV, 

we can assume that the NaJ (Tl) and CsJ (Tl) crystals with dimensions 80-90x 
80-90mm can be used to measure y-spectra in the energy range 0-10MeV. The 
results of taking measurements by means of a spectrometer with NaJ (Tl) crystal 

are shown in figures 1 and 2. Measurements with sources Hg203, Zrg5, Co60 and 


I?a24 were carried out with a collimation opening of 0.8 em in diameter; the 

sources were placed directly in front of the opening in the collimator. 


Figure 3 shows the amplitude distribution for y-quanta of the go + Be 
source with an energy of 4.45 MeV. The diameter of the collimating opening 
in the measurements was 2 cm, whereas the source was placed at the distance of 
20 cm from the collimator. The neutron background was excluded from the ampli
tude distribution by using the method described below. 

As we can see from the presented figures, the peak of the total energy ab

sorption is clearly defined on the background of low energy distribution for all 

measured y-quanta energies. 


We can see from the results of processing the amplitude distributions ob

tained during measurements by means of the spectrometer with radiation sources, 

that the amplitude resolution of the spectrometer decreases with y-quanta energy 
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1. Amplitude distribution for y-radiation 


produced by Hg203 (0.279MeV). Zrg5 (0.76MeV) 


and Co60 (1.17and 1.33 MeV), obtained by spec
trometer with NaJ (Tl) crystal with d.iameterand 
height of 90 m. 

and for E = 2.76 MeV, it is equal to 6.8 percent; the magnitude of the photo-
Y 

contribution also varies with energy increase; however, even for E = 4.45 MeV,
Y 

it remains sufficiently large--38percent, 

In recent times CsJ (Tl) crystals have been used in single crystal spec

trometers in place of NaJ (T1) crystals (refs. 4 and 5). The total coefficient 

of y-radiation energy absorption by the CsJ (Tl) crystal is greater than /322

by the NaJ (Tl) crystal, and consequently, when all other conditions are equal, 

the spectrometer with the CsJ (TI)must have a higher effectiveness and a larger 

value of photocontribution. 


Figure 4 shows the variation and the total effectiveness of a spectrometer 
with a CsJ (Tl) crystal (with diameter and height of 80 rmn) and with a NaJ (Tl) 
crystal (with a diameter and height of 90 m) as a function of y-quanta energy: 
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Figure 2. Amplitude distribution for Na24 y
quanta (2.76and 1.38 MeV), obtained by spec
trometer with NaJ (Tl) crystal whose diameter 
and height are 90 m. 

even for smaller dimensions the effectiveness of the spectrometer with a CsJ (Tl) 

crystal is greater than that of the spectrometer with the NaJ (Tl) crystal. In

order to compute the effectiveness of the spectrometer with the CsJ (Tl) crystal 

we utilize the absorption coefficients for the y-quanta energy presented in ref

erence 6 and recomputed for the CsJ (Tl) crystal. 


The results of measurements taken with the CsJ (Tl) crystal spectrometer 

of Na24 y-spectra and Po + Be y-spectra are shown in figures 5 and 6. The meas

urements were made with a collimation opening diameter of 2 cm. In the Po + Be 
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Figure 3. Amplitude distribution for y-quanta 
with energies of 4.45 MeV from Po + Be source, 
obtained by spectrometer with NaJ (Tl) crystal 
whose dimensions are 90 X 90 mm. 

I I 1 

k L w I 


Figure 4. Variation in effectiveness of spec

trometer as function of y-quanta energy for fol

lowing crystals: 1, CsJ (Tl) with diameter and 

height of 80 mm; 2, NaJ (Tl) with diameter and 

height of 90 mm. 
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Figure 5. Amplitude distribution for Na24 
(2.76and 1.38 MeV) y-quanta, obtained by 
spectrometer with CsJ (Tl) crystal whose 
diameter and height are 80 m. 

source y-spectra (the neutron background is excluded), we can clearly see the 

1.08 and 1.27MeV lines due to capture y-radiation from lead, and lines with 


energies of 0.8MeV belonging to Po2l0, as well as the 2.23 MeV line for the 

capture y-radiation from hydrogen. 


The energy resolution of the spectrometer with the CsJ (Tl) crystal is not 

quite as good as that of the spectrometer with the NaJ (Tl) crystal. However, 

when measuring continuous y-spectra the resolution of the spectrometer is not 

very significant, because if necessary a corresponding correction can be easily 

introduced. 


As was to be expected, the magnitude of the photocontribution for the CsJ (Tl) 
crystal turned out to be somewhat greater than for the NaJ (Tl) crystal. There
fore the results of measuring y-spectra in the energy range of 0.28-4.45MeV have 
shown that the spectrometer with the CsJ (TI) crystal or NaJ (Tl) crystal with 
a diameter and height of 80-90 mm may be used fo r  measuring continuous y-spectra 
in the energy range from 0 to 10 MeV. 
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It has already been pointed out that operation with a single crystal y
spectrometer during measurements on a nuclear reactor is complicated by the pres
ence of a substantial neutron background. The neutron background can be excluded 
from the measurement results by introducing corresponding corrections obtained by 
repeating the measurements under the same conditions with a bismuth filter. 

As we know, the capture cross section of bismuth is very small /324
(a = 0.015 barn) over a wide range of neutron energies; however, because it has 

a high density ( e  = 9.8 g/cm2 ) it is at the same time a good absorber of y
quanta. Consequently, by subtracting the results of the second experiment from 
the results of the first.experiment we can exclude the neutron background. In 
order to determine the required thickness of the bismuth filter, we recorded the 
y-spectrum of the Po + Be source with filters of various thicknesses (from 0.8 
to 15 em). The results obtained are shown in figure 7 for f.ilterswith thickness 
of 0, 5, 10 and l5 cm (the diameter of the collimating hole was 2 cm). 

The amplitude distributions which were obtained were used to construct at

tenuation curves for individual energy groups (or channel groups) as a function 

of filter thickness (fig. 8). The region of the attenuation curve with a sharp 


I 

Channel number 


Figure 6. Amplitude distribution for Po + Be 
source -quanta obtained by spectrometer with 
C s J  (Tly crystal whose dimensions are 80 X 80 
mm. 
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Channel number 


Figure 7. Amplikude distribution for Po -t Be source y-quanta obtained 
by measurements with bismuth filter of different thicknesses. 

Thickness of Bismuth layer, cm 


Figure 8. Attenuation curves for number of regis
trations in channels as function of bismuth filter 
thickness f o r  Po + Be source: 1, f o r  20th channel 
(E

Y 
= 1.2 MeV); 2, for 7lst channel (E

Y 
= 4.45 MeV). 

incline corresponds to the attenuation law fo r  y-quanta flux, and a shal
lower region corresponds to the attenuation law f o r  the neutron flux. 
tenuation coefficient f o r  y-radiation agreed well with existing data for E

Y 

The at-

= 

4.45 MeV. 
 For all channel groups the neutron attenuation coefficient turned 
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out to be the same and equal to 0.029 em-’, within the limits of experimental 
error. 

Analogous experiments were conducted in investigating the y-spectra by 

means of a reactor. The coefficient of attenuation for reactor neutrons also 


turned out to be equal to 0.027 cm -1 , within the limits of experimental error. 
We can see from the attenuation curves that the bismuth filter with /325 

a thickness of approximately 10 cm, for all practical purposes, produces com
plete attenuation of the y-quanta flux, and in the experiments it is not neces
sary to carry out measurements with an assembly of bismuth filters: it is suf
ficient to measure the spectrum either without a filter or with a filter of 10 
cm thickness. When the y-spectrum is measured in the presence of a neutron 
background, the number of y-quanta registrations in each channel may be deter
mined from the relationship 

N = N - 1 . 3 ~ ~ ~ ~
Y 

where N is the.tota1number of registrations in the channel during measurements 
without a filter; Nsi is the number of registrations in the same channel when 

measurements are made with a filter. 


The error made by excluding the neutron flux from the amplitude distribu
tion obviously depends on the relationship between y-quanta fluxes and neutron 
fluxes and increases with the neutron flux. The Po t- Be source generates ap
proximately the same number of neutrons and quanta, and, as we can see from 
figure 7, the contribution made by neutrons to the amplitude distribution is 
quite significant. Thus, in the region of the 20th channel (E

Y 
= 1.2 MeV) the 

number of pulses from the y-quantaequals 5-7percent of the total number of 

pulses. However, even for this case the error introduced by eliminating the 

neutron background does not exceed 15-20percent. 


When investigating the transmission of y-radiation through shielding 

materials of the reactor, the flux of y-quanta, as a rule, is substantially 

greater than the flux of neutrons. Consequently, the error produced by neu

tron contribution to the amplitude distribution is less: 5-7percent in the 

region of small y-quanta energies. 


As an example of results obtained by measuring the y-spectrum in the 
presence of a neutron background, figure 9 shows the instrument spectrum of y
radiation which has left the active zone of the water-moderated,water-cooled 
experimental reactor and has passed through a layer with a thickness of 1 m. 
The y-peak with an energy of 2.21 MeV is clearly seen. This peak is due to 
the capture y-radiation from hydrogen, and the y-peak with an energy of 7.8 MeV 
is due to the capture y-radiation from aluminum (aluminum is the basic struc
tural material of the reactor) and from iron (walls of the water vessel are 
made of steel and their total thickness is approximately 30 mm). 
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Figure 9 .  y-spectrum (amplitude distribution) of 
y-quanta leaving active zone of reactor behind 
layer of water with thickness of 1 m measured by 
spectrometer with CsJ(T1) crystal whose dimensions 
are 80 x 80 m. 

For an energy of 7.1MeV we can also see the peak which is apparently due 
to the leakage of a single annihilation y-quanta from the crystal when the en
ergy of y-quantum, equal to 7.6MeV, is absorbed due to the formation of the 
electron-positron pair. In this measurement the contribution made by neutrons 
to the amplitude distribution in the.region of small y-quanta energies (E

Y 
5 2 

MeV) is approximately 15 percent. 

In order to transform from the measured amplitude distribution to the en
ergy distribution it is necessary to know the amplitude distribution for a 
series of y-quanta energy values (refs. 3 and 7). It is not difficult to ob
tain such data for the range of energies below 3 MeV. However, when E > 3 MeV,

Y 

it is practically impossible to obtain the amplitude distributions experimen
tally due to the absence of suitable y-radiation sources. The necessary infor
mation can be obtained only by calculations with the method of random tests 
(ref. 8). A comparison of experimental data with computed data in the 
region of small y-quanta energies (approximately up to 3 MeV) agrees suffi-

/327 

ciently well (fig. lo), and we can hope that significant deviations do not 
exist at high energies. 

Figure 11 shows the experimental and computed values of photocontributions 
for the NaJ(T1) crystal whose diameter and height are 90 mm. The experimental 
points lie somewhat below the theoretical curve, and the reason for this appar
ently is the scattering of quanta at the source by surrounding objects, in the 
collimator, by the shell of the photomultiplier, by the crystal packing, etc. 
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Figure 10. Amplitude distribution for NaJ(T1) crystal 
with dimensions 90 X 90 mm: -, theoretical data 
(ref. 8); - - - - -, experimental data. 

Figure 11. Photocontribution f o r  NaJ(T1) crystal 
with dimensions of 90 X 90 m: 1, theoretical 
data (ref. 8); 2, experimental data. 
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Conclusions 


The experiments have shown that a single crystal y-spectrometer with a 
NaJ(T1) or CsJ(T1) crystal, whose diameter and height are 80-90mm, may be used 
f o r  measuring the continuous y-spectra in the energy range from 0 to 10 MeV in 
the presence of a neutron background, i.e., for studying the y-spectra on a 
nuclear reactor. 
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STRENGTH OF SPECIAL COMPOSITION CONCRETE AT HIGH TEMPERATURES 
( 400-80o0c) 

I. A. Arshinov 

As we  know, concrete with special  f i l l e r s  i s  widely used as biologica1/327 
shielding. Since the  shielding may be subjected t o  high temperatures (up t o  
800'c) during the process of exploi ta t ion it i s  necessary, under these condi
t ions,  t o  use hea t - res i s t ing  concretes with f i l l e r s  which provide f o r  satis
factory physical, mechanical and shielding propert ies .  

This a r t i c l e  presents t he  results of invest igat ing the physical and 
mechanical propert ies  of hea t - res i s t ing  concretes with spec ia l  f i l l e r s  con
ta in ing  iron, carbon, hydrogen and boron. T e s t  samples of the  concrete were 
prepared from the  following materials: chamotte, serpentine, hematite, graphite 
and i ron  powders and d a t o l i t e  ore.  The binders consisted of the following: 
mark 500 Portland cement produced by the Voskresenkiy P l a n t ,  the  aluminous 
cement from the Pashiyskiy Plant  and w a t e r  g lass  from the "Ueytuk" Plant with 
a modulus 2.47 density of 1.38 and with addition of sodium s i l icof luor ide  i n  
the amount of 10-12 percent by weight of the  water g lass .  

The propert ies  of materials u t i l i z e d  i n  the experiments are shown i n  
t ab le s  1-6. 

The concrete samples had dimensions of 10 X 10 X 10 cm; the vibrat ion 
tes ts  were conducted on a standard laboratory vibrat ing platform a f t e r  two 
days. Samples which had undergone 7 and 28 days of normal hardening were also 
t es ted .  Before heat ing the concrete w a s  dr ied a t  a temperature of 100-110'C 
foroa  period of 32 hr.o The heating temperature w a s  increased a t  the  rate of 
150 C per hr up t o  800 C .  The t e s t  samples w e r e  held a t  t h i s  temperature f o r  
a period of 4 h r .  After heating the  t es t  samples were cooled together with 
the  furnace. 

The samples w e r e  t e s t ed  f o r  compression s t rength 10 days after cooling, 
with the exception of samples made of water g lass  which were t e s t ed  i m e d i 
a t e l y  a f t e r  cooling. 

Experiments have shown t h a t  a f t e r  heating t o  4OO0C the cube s t rength of 
concrete containing the  Portland cement does not decrease or  decreases by in
s igni f icant  amounts ( t o  9 percent),  regardless of the  tzpe of f i l l e r s  used and 
the fineness of t he  addi t ives .  After heating above 400 C, the  compression 
s t rength of the  concrete decreases, and the  extent  of t h i s  decrease i s  not the 
same and depends on the  f i l l e r s  used. 
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TABLE 1. PHYSICAL AND MECWICAL PROPERTIES O F  BINDERS. 


Properties 

Activity, kg/cm 2 ..................... 
Normal v iscos i ty  of cement 

m a s s ,  percent ...................... 
Hardening : 

Beginning ........................ 
End... ........................... 

Volumetric weight, metric ton 
m/m 3. .............................. 

Specif ic  weight, g/cm3.. ............. 
Specific surface, cm2/g.. ............ 
Fineness o f  grinding : 

Residue on sieve with 900 
holes/", percent.  ............ 

Residue on sieve with 4900 
holes/", percent..  ........... 

Quantity passing through sieve 
with 4900 holes/cm2, percent. .  . 

Portland cement 
from the  

Vo skre senkiy 
plant  

509 

26.3 

3 h r  20 min 
6 h r p m i n  

1.1 
3 

3097 

1 .34  

10.22 

89.78 

Aluminous cement 
from the 

Pashiyskiy plant  

350 

28.5 

2 h r  15 min 
4 hr  20 min 

8.44 

23.82 

TABLE 2. G R A m O M E T R I C  COMPOSITION OF COARSE FILLER. 

T o t a l  residue (k) on sieves 
with the  specif ied numberType of f i l l e r  of holes per 1 mm2 

I I 

Chamotte. .......... 0.4 52.92 88.4 11.6 
Serpentine ......... - 24.18 84.88 15.12 
Dato l i te . . . . . . . . . .  . 87.7 98.8 99.2 0.8 

I I I I 

A s  we can see from f igure 1, the  strength of the composite concrete which 
contains a mixture of graphi te  and i ron  powder with chamotte gravel, as  well 
as of the concrete containing hematite sand and chamotte i s  grea te r  than the  
strength of the  dr ied control  samples by 6-16 percent a f t e r  heating t o  600'~.  
The s t rength a f t e r  heating t o  800"c i s  8-41 percent. 

The serpentine concrete with addition of f ine ly  ground zerpentine sand 
shows a 1 3  percent decrease i n  s t rength a f t e r  heating t o  600 C, and i f  the 
same quantity of chamotte powder i s  added, the s t rength decreases by 33 percent. 
A f t e r  heating t o  8oo0c the  s t rength of serpentine concrete w a s  subs tan t ia l ly  
reduced (from 151 t o  55 kg/cm2). 



p 


TABLE 3. GRANULOMETRIC COMPOSITION OF FINE FILLER. 
.____ -__. - .  - .  - _ - -. 

Total residues (%) on sieves with-specified 


Type of filler I number of holes per 1 


- .. 

Hematite..................... 
Serpentine......... .......... 
Graphite..................... 
Chromium-magnesite........... 
Chamotte..... ................ 
Iron powder.. ................ 
Datolite.. ................... 

0.15 

..~. 

65 

93.7 

91 

99

96.6 

15 

89 


TABLE 4. VOLUMETRIC AND SPECIFIC WEIGHTS AND THE HOLLOWNESS OF 
FILLERS. 

-. .... .- .
I 


Type of filler Volumetric weight, Specific weight Hollowness, %metric tons/m? 

Serpentine gravel....... 
Datolite gravel......... 
Chamotte gravel......... 
Serpentine sand......... 
Datolite sand........... 
Chamotte sand........... 
Hematite sand........ ... 
Graphite................ 
Chromium-magnesite...... 
Iron powder............. 

- ~. 

1.55 2.62 41 

1.49 2-79 47 

1.20 2-39 49 

1 35 2.62 49

1.85 2-79 34

1.09 2-39 54 

2.55 ~ 4.1 38 

0-9 2.07 57 

1.76 3.34 47 

2.45 6.96 56 


TABLE 5. GRANULOMETRIC COMPOSITION OF FINELY GROUND ADDITIVES. 

Total residues ( k )  on sieves I 
Number of additives which 

Additive with the following number have passed through a-,-of openings per 1 em2 sieve with 4900 holes/cm2, 
$ 

I 


Chamotte.............. 

Serpentine............ 

Datolite.............. 
Blast furnace dust.. .. 

1 


4900 

1 


0.4 0.84 

0.16 1.68 

6.72 19.8 

1.8 5 


I 
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TABLE 6. CHEMICAL COMPOSITION OF FILLERS. 


Form of f i l l e r  

-

Chamotte....... ...... 
Datol i te . . . . . . , . . . . . .  
Blast  furnace 

dust. . . . . . . . . . . . . . .  
Hematite. ............ 

'Chamotte No. 3 
containing boron... 

Serpentine ........... 

Composition, 

Other
Si02 CaO MgO Fe2O3 A1203 B O

2 3  
S O  Compounds 

65.40 0.62 0.29 1.96 3 -5 0.45 0.19 
33.70 33 o .96 2.52 4.60 0.36 1 12.23 

I 

22.44 3.74 - 48 .io 11.9 0.64 10.6 
16.34 2.68 1.45 78.4 - 0.63 	 I -

I 

30 -15 2.02 1.50 0.94 49.10 0.2 ~ 0.48 
44.61 l 2.3 29 987 6.44 3.26 1.16 , 11.98 

When serpentine gravel i s  combined with hematite sand with additions of 
f i ne ly  ground chamotte and serpentine powderd the r e l a t i v e  s t rength of the  /330 
serpentine concrete a f t e r  heating t o  400-800 C does not decrease; the in t ro
duction of b l a s t  furnace dust  i n t o  serpentine concrete as a f ine  f i l l e r  t o 
gether with a f ine ly  ground chamotte a l so  causes theostrength of serpentine 
concrete t o  remain constant a f t e r  heating t o  400-800 C .  However, when the 
f ine ly  ground addi t ive i s  replaced with serpentine sand, the s t rength a f t e r  
heating t o  a temperature of 6oo0c and above i s  sharply reduced (by 61-82 per
cen t ) .  

The s t rength of  d a t o l i t e  concrete u t i l i z i n g  Portland cementoincreased by
17-35 percent a f t e r  drying f o r  32 h r  a t  a temperature of  100-110 C .  Some in
crease i n  s t rength continued up t o  a temperature o f  20OoC. With a f T t h e r  
increase i n  temperature the  s t rength began t o  f a l l ,  although a f t e r  400 C the 
s t rength of 32-hr concrete was grea te r  than the strength of the  28-day con
cre te .  When d a t o l i t e  concrete was heated t o  a temperature o f  600 and 8oovc, 
the  s t rength decreased rapidly and cracks developed on the  surface of the 
samples. 

The l imi t ing  temperature a t  which there  i s  no decrease i n  strength i s  
5OO0C f o r  concrete with serpentine f i l l e r s .  

The d a t o l i t e  concrete with Portland cement i s  sui table  f o r  operation a t  a 
uniform temperature up t o  300°C; the  addition of boron carbide i n  the  quantity 
of  0.75-1 percent by concrete weight (recomputed f o r  elementary boron) does not 
have a negative e f f e c t  on the  s t rength of concrete i n  the  temperature range 
100-800° c . 

The data  obtained on concrete 
boron containing chamotte f i l l e r s  
ta ined 3.74 percent B20 

3' 
and the  

The boron content i n  the  concrete 

containing concrete samples, which 

with boron containing Portland cement and 
are o f  i n t e r e s t .  The Portland cement con
chamotte f i l l e r s  contained 15.3 percent B203. 

w a s  3.44 percent.  !!&e s t rength of boron-

w e r e  28 days old, w a s  383 kg/cm2, and t h a t  of 
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Figure 1. Effect of f i l l e r s  on r e l a t ive  strength of 
concretg with Portland cement a t  temperatures of 
400-800C: 1, graphite + i ron  powder + chamotte; 2, 
hematite + serpentine; 3, serpentine; 4, b l a s t  
furnace dust + serpentine; 5 ,  d a t o l i t e .  

samples dr ied a t  100°C was 488 kg/cm2, i . e . ,  28 percent higher.  For the con

ventional chamotte concrete the  stzength w a s  261 and 361 kg/cm 2, respectively.  
After heating a t  a temperature 800 C y  the strength of boron-containing con

cre te  decreased t o  141 kg/cm2 and w a s  29 percent, whereas the  strength of  
conventional chamotte concrete was 37 percent o f  the dr ied control samples. 
The residual  s t rength and t h e  thermal s t a b i l i t y  of boron-containing concrete 
determined by the accelerated method (heating f o r  a period of 4 hr  a t  a 
temperature of '800"~and cooling with water f o r  a period o f  10-15 min were 
43 percent and 14 cycles, respectively,  and those of the conventional concrete 
w e r e  53 percent and 12 cycles.  

Thus, from the  standpoint of s t rength and thermal s t a b i l i t y ,  con- 1334 
cre te  with boron-containing cement and boron-containing chamotte f i l l e r s  i s  no 
worse than the conventional chamotte concrete. 

Aside from the  Portland cement we u t i l i z e d  aluminous cement and water g lass  
as binders i n  the  experiments with the addi t ion of sodium s i l icof luor ide  (10
12 percent of water g lass  weight). 

A s  we can see from figure 2, concrete with aluminous cement behaves i n  a 
d i f f e ren t  manner than concrete with Portland cement i n  the temperature range of 
400-800'~. Concrete samples heated t o  400°C displajed a substant ia l  decrease 
i n  strength; when the  temperature was raised t o  800 C there was, however, no 
decrease i n  s t rength.  
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Figure 2. Effect of f i l l e r s  on r e l a t ive  s t rength,of  
concrete based on aluminous cement a t  temperatures 
of 400-800°C: 1, graphite + i ron  powder + chamotte; 
2, hematite + chamotte; 3, b las t  furnace dust + 
chamotte . 

The r e l a t ive  s t rength of composite concrete samples using a m i x t u r e  of 
graphite powder with i ron  powder and chamotte gravel was on13 decreased by 11
29 percent a f t e r  heating i n  the  temperature in t e rva l  400-800 C .  

Concrete based on water g lass  has high strength parameters during com
pression. A s  we can see f r o m  the comparative graphs ( f i g s .  3-6), concrete 
based on water g lass  exhibits a r e l a t ive ly  smaller decrease i n  strength i n  the 
temperature in t e rva l  400-800°C as  compared with concretes based on alumina 
andoPortland cement. The s t rength of water g lass  concrete after heating t o  
800 C decreases by only 20-37 percent.  The grea tes t  decrease i n  strength i s  
cha rac t e r i s t i c  o f  concrete which combines graphit: powder with hematite sand. 
After heating t o  temperatures of 400, 600 and 800 C, the  s t rength of  t h i s  
concrete was 66, 53 and 33 percent of the strength associated with the dr ied 
samples, respect ively.  

The best r e s u l t s  w e r e  displayed by a composite concrete with chamotte 
gravel and hematite sand. ATte; drying, i t s  s t rength w a s  447 kg/cm2 and a f t e r  
heating a t  a temperature of 800 C it was 350 kg/cm2, i .e . ,  78 percent of the 
s t rength of the control samples. 

It i s  pecul iar  t h a t  t he  serpentine concrete with water g lass  has b e t t e r  
strength parameters i n  the temperature range of 400-800°C than the chamotte 
concrete ( f i g .  7).  If ,  f o r  example, the  r e l a t ive  strengthoof the chamotte 
concrete a f t e r  heating a t  temperatures of 400, 600 and 800 C w a s  72, 67 and 
57 percent, respectively,  t he  serpentine concrete had a s t rength which w a s  93, 
77 and 67 percent of the control samples s t rength.  

The introduction of boron carbide in to  concrete with aluminous cement 
does not produce a negative e f f e c t  on the  s t rength of the concrete, whereas i t s  
addition t o  concrete with w a t e r  g lass  somewhat decreases the  s t rength of the  
concrete, but has no e f f e c t  on the  ngture of changes i n  the  strength when the  
heating temperature i s  r a i sed  t o  800 C ( f i g s .  8 and 9) .  
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Figure 3. Effect of binder on r e l a t i v e  s t rength of 
concrete ( f i l l e r s  consisted of chamotte gravel, and 
hematite ore sand.: 1, concrete based on w a t e r  
g lass ;  2, concrete based on aluminous cement; 3, 
concrete based on Portland cement. 

Figure 4. Effect of binder on relaotive strength of 
concrete a t  temperatures of 400-800C ( f i l l e r s  were 
b l a s t  furnace dust + chamotte; microf i l le r  w a s  
chamotte): 1, concrete based on w a t e r  g lass ;  2, 
concrete based on Portland cement; 3, concrete based 
on aluminous cement. 

Experiments have shown t h a t  the  s t rength of chamotte concrete based on 
w a t e r  g lass  increases during the  period of seven days of hardening under dry 
a i r  conditions and then begins t o  decrease. For example, the s t rength of 90
day concrete i s  10 percent lower than the strength of 3-cJay concrete. How
ever, the  90-day concrete heated t o  a temperature of 800 C showed only an 18 
percent drop i n  strength, whereas the  3-day concrete l o s t  more than ha l f  of i t s  
s t rength ( f i g .  10). Consequently, more prolonged aging of concrete with w a t e r  
g lass  before heating results i n  a subs tan t ia l ly  smaller drop i n  s t rength during 
i t s  subsequent heating t o  800 C .  
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Figure 5.' Ef fec t  of binder on r e l a t i v e  s t r eng th  of 
concrete ( f i l l e r s  were hematite + chamotte; t he  
m i c r o f i l l e r  w a s  chamotte): 1, concrete based on 
water g l a s s ;  2, concrete with Portland cement; 3, 
concrete with aluminous cement. 

Temperature, C 

Figure 6 .  Ef fec t  of binder on r e l a t i v e  s t r eng th  of 
composite concrete ( f i l l e rs .were gravel and f i n e l y  
ground chamotte addi t ive ;  f i n e  f i l l e r s  were graphi te  + 
i r o n  powder): 1, concrete with Portland cement; 2, 
concrete with aluminous cement; 3, concrete with 
water g l a s s .  

The nature of changes i n  t h e  s t rength  of concrete based on Portland and 
aluminous cements during hea t ing  t o  800 C i s  due, i n  pa r t i cu la r ,  t o  t he  l o s s  of 
chemically bound w a t e r  and t o  the  loosening of t he  concrete as a r e s u l t  of 
various deformation p rope r t i e s  assoc ia ted  with i t s  components. 

Samples which w e r e  t e s t e d  for compression s t rength  a f t e r  drying and hea t 
ing  a t  assigned temperatures of  400, 600 and 800'c were broken i n t o  pieces and 
ground i n t o  a f i n e  powder. Five t es t  samples weighing 2-4 g each were taken 
from the  powder and were subjected t o  ca l c ina t ion  a t  a temperature of 900
looooc . 
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Figure 7 .  Effect  of  f i l l e r s  on strength of concrete 
with water g lass :  1, hematite + chamotte; 2, b l a s t  
furnace dust  + chamotte; 3, serpentine + serpentine;
4, graphite + i ron  powder + chamotte; 5 ,  chamotte + 
chamotte; 6, graphite + hematite + chamotte. 

:gq I-1 --J 3 
100 403 600 800 
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Figure 8. Effect of  boron carbide on strength of 
hematite-chamotte concrete: 1, concrete with 
water glass;  2, concrete with Portland cement; 
3, concrete with aluminous cement; - without 
chemical additives;  - - - - - with addition of  
boron carbide.  
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Figure 9 .  Effect  o f  boron carbide on strength of 
concrete ( f i l l e r s  were graphite + i ron powder + 
chamotte; microf i l le r  w a s  chamotte) : 1, concrete 
with Portland cement; 2, concrete with aluminous 
cement; 3, concrete with water glass;  
without chemical additives;  - - - - - with addi
t i o n  of 1 .7  percent boron carbide. 

60 ___ 

Concrete age i n  days 
a 

Figure 10. Effect of  age and temperature on absolute ( a )  
and r e l a t i v e  ( b )  s t rengths  of chamotte concrete with 
water g l a s s .  
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Figure 11. Variation in degree of dehydration for concrete 
based on Portland cement and containing various fillers as 
function of heating temperature: 1, chamotte + chamotte; 
2, blast furnace dust + chamotte; microfiller-chamotte; 3, 
hematite + serpentine; microfiller-chamotte; 4, hematite + 
serpentine; microfiller-serpentine; 5, blast furnace dust + 
serpentine; microfiller-serpentine; 6,blast furnace dust + 
serpentine; microfiller-chamotte; 7, serpentine + serpentine; 
microfiller-serpentine. 
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Figure 12. Variation in degree of dehydration for 
concrete with various fillers as function of heating 
temperature: 1, hematite + chamotte + chamotte + 
boron carbides; 2, blast furnace dust + chamotte + 
boron carbides; 3, same without addition of boron 
carbide. 
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Figure 13 .  Effect of heating t i m e  a t  temperature of 
4OO0C on s t rength of heat r e s i s t i n g  serpentine con
c re t e :  1, concrete based on w a t e r  glass;  2, con
cre te  based on Portland cement; 3, concrete based 
on aluminous cement. 

F i q r e  14 .  Effect  of heating t i m e  a t  temperature o f  
500 C on s t rength of heat  r e s i s t i n g  serpentine con
c re t e :  1, concrete based on water .glass;  2, con
cre te  based on aluminous cement; 3, concrete based 
on Portland cement. 

F i v e  15. Effect  of heating t i m e  a t  a temperature of  
600 C on the  s t rength of  heat r e s i s t i n g  concrete ( f i l l e r s  
are graphi te  + i ron  powder + chamotte with addi t ion of 
1.7 percent boron carbide):  1, concrete based on water 
glass;  2, concrete based on Portland cement; 3, concrete 
based on aluminous cement. 
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F i q r e  16. Effect of  heating time a t  temperature of  
800 C on s t rength  of  heat  r e s i s t i ng  concrete ( f i l l e r s  
are graphite + i ron  powder + chamotte + 1.7 percent 
boron carbide) :  1, concrete based on w a t e r  g lass ;  
2, concrete based on Portland cement; 3, concrete 
based on aluminous cement. 

Figure 11 shows the water l o s s  as  a gesult of calcinat ion a t  400, 600 and 
800"c ( a f t e r  a 32-hr drying period a t  100 C ) .  

It follows from the graph t h a t  the dry concrete samples based on Portland 
cement l o s t  an ins igni f icant  quantity of chemicaliy bound water when heated t o  
400°C. When the temperature w a s  $aised above 400 C, the  l o s s  of water in
creased, par t icu lar ly  f o r  t > 600 C .  ( I n  t h i s  i n t e rva l  there  i s  a l so  a sharp 
drop i n  s t rength . )  The nature of  the curve showing the  lo s s  of water during 
calcinat ion i s  d i f f e ren t  f o r  concrete sample: based on aluminous cement ( f i g .  
1 2 ) .  When the dry samples are heated t o  400 C, there  i s  a loss i n  the main 
pa r t  of the chemically bound water, which agrees with the  change i n  concrete 
s t rength.  With a fu r the r  increase of  temperature from 400 t o  800°c, the  rem
nants of the water are removed. In  t h i s  temperature range the strength of 
concrete based on aluminous cement decreases very l i t t l e .  

It i s  pecul iar  t h a t  the  minimum water l o s s  during heating i n  the specified 
temperature in t e rva l  occurs i n  the  serpentine concrete, whereas the maximum 
l o s s  occurs i n  the chamotte concrete. 

In  addition t o  the shor t  period 4-hr heating, t he  serpentine and composite 
concretes (involving a mixture of graphite and i ron  powders with chamotte 
gravel)  were subjected t o  a 48-hr heating. Eoxperiments have shown t h a t  during 
the 48-hr heating a t  a temperature of 400-500 C the compression strength of 
serpentine concrete remains prac t ica l ly  unchanged, compared with i t s  s t rength 
a f t e r  a short-period heating ( f i g s .  1.3 and 1 4 ) .  

The prolonged heating of composite concrete basedoon aluminous cement and 
w a t e r  g lass  with the addi t ion of boron carbide, a t  600 C ( f i g .  15) did not pro
duce a decrease i n  s t rength .  Concrete based on Portland cement dropped i t s  
strength t o  30 percent.  
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It i s  pecul ia r  t h a t  during a 48-hr hea t ing  period a t  a temperature of 8oo0c 
( f i g .  16) the  s t r eng th  of  t h e  composite cement a i d  not decrease, but r a t h e r  i n 
creased s l i g h t l y  compared with the  s t r eng th  during t he  short-period hea t ing .  
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PHYSICAL AND MECWICAL PROPERTIES OF CONCRETE 
WITH SERPENTINE FILLERS 

I. A. Arshinov 

The distinguishing property of serpentine i s  i t s  capacity t o  r e t a i n  /337
chemically bound water a t  high temperatures. The chemical composition of ser
pentine i s  as  follows: Mg6cSi4010] (OH)8 ,  i n  which 43 percent i s  MgO, 44.1 

percent i s  Si02 and 12.9 percent i s  H20. 

The amount of chemically bound water i n  serpentine may vary from j338 
approximately 1.3 t o  17 percent.  

Serpentine i s  a mineral of the s i l i c a t e  c l a s s .  I t s  c r y s t a l l i n e  s t ructure  

i s  laminar. I t s  s p e c i f i c  weight i s  2.5-2.7 g/cm 3; i t s  color var ies  from dark 
green t o  green-gray. It has a c e r t a i n  p l i a b i l i t y  which can be f e l t  when it i s  
h i t  wi th  a hammer. 

Serpentine rocks are  prevalent i n  the Urals, North Caucasus, Transcaucasia, 
S iber ia  and Kazakhastan. 

I n  our experiments we used serpentine from the Ural formation (town of 

Asbest) with a s t rength of 400-625 kg/cm', with a volumetric weight of 2.34-2.6 

metric tons/m3 i n  a chunk, with water absorption of 0.3 percent and containing 
11.7 percent chemically bound water. A s  an example, f igure  1 shows the granu
lometric composition of serpentine gravel.  Serpentine cement was prepared by 
using Portland, aluminous, expanding, oxide-chloride (MgO + MgC12) cements and 

water g l a s s  with the addi t ion of sodium s i l i c o f l u o r i d e .  The compression s t rength 
of s e rBent ine concrete was investigated over a la rge  temperature range from 100 
t o  800 C ,  and the prismatic s t rength was studied i n  the range from 100 t o  20OoC. 
The loss of water a t  high temperatures w a s  a l s o  investigated,  both by serpentine 
and by serpentine concrete. 

I n  the f i rs t  s e r i e s  of experiments the physical and mechanical propert ies  
were investigated under normal temperatures, using t e s t  samples with dimensions 
of 15 X 15 X 15 em. The r e s u l t s  of t e s t i n g  samples which had undergone a 28
day period of normal hardening ( tab le  1)have shown t h a t  the s t rength of 



Figure 1. Granulometric composition of 
serpentine gravel .  

TABLF: 1. COMPRESSION STRETJGTH OF SERPENTINE CONCRETE (1:g COMPOSITION). 

'olumetric Set- Ultimate
Consumption of  mate-

Jater- weight t l ing 'ack- compres
i n  of ing s ionType of cement r ia ls  per 1m 3, kg :ement 

metric the Lme , st rength,- ra t io  
Zement Sand : ravel  rater :one, sec 

tons /m3 cm kdcm 
~ 

Portland 216 660 1281 173 0.8 2.33 0.0 100 143 
I1 212 649 1258 191 0.9 2.33 0.0 90 127 
11 210 641 1249 210 1.0 2.33 0.5 30 106 
11 208 644 1219 239 1.1 2.33 1.0 25 101 
I t  205 627 1222 246 1.2 2.33 1.5 15 82 


Aluminous 216 610 1281 173 0.8 2.33 0.0 103 109 

I t  212 649 1258 201 0.95 2.33 0.0 85 89 


Ekpanding 216 660 1281 173 0.8 2.33 0.0 95 128 

11 212 649 1258 212 1.0 2.33 0.0 40 69 


Oxide- chloride 210 641 1247 202 0.96 2.33 0.0 87 284 
(Mgo + M g C Q  205 625 1214 246 1.2 2.33 0.0 	 42 240 

~ 

serpentine concrete with a mark 400 Portland cement i n  the amount of 205-216 

kg/m3 var ies  from 82 t o  143 kg/cm2 for  a wide range of water-cement r a t i o s ;  the 
volumetric weight i s  close t o  the volumetric weight of conventional concrete. 
The s t rength  of the concrete based on the oxide-chloride cement i s  approximately 
2 t i m e s  g rea te r  than t h e  s t rength of concrete with Portland cement. 

The w a t e r  demand f o r  serpentine concrete i s  s u b s t a n t i a l l y  higher, but the 
packing t i m e  i s  not as good as t h a t  of conventional concrete. For example, the  
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packing time of conventional concrete, with a l : 9  composition containing gran
i t e  gravel  and a water-cement r a t i o  of 0.8-0.9, i n  our experiments varied from 
7 t o  17 see, whereas f o r  serpentine concrete it w a s  from 90 t o  100 see.  

Concrete samples were a l so  t e s t e d  i n  the hot  s ta te  ( lOO-3OO"C) .  The con
t r o l  samples were subjected t o  28 days of normal hardening. The durat ion of 
heating was from 3 t o  6 hr ,  of which 1 hr w a s  taken u p f o r  reachingthe speci
f ied  temperature. 

The cubic and prismatic s t rengths  ( tab le  2) of serpentine concrete using 
aluminous, expanding and oxide-chloride cements decrease when they are  heated 
t o  a temperature of 300°C. The g r e a t e s t  decrease i n  cubic and prismatic 
s t rength i s  observed i n  concrete with the oxide-chloride binder a t  tempera
t u r e s  of 100-200°C (14-17pergent) .  When concretes with magnesite and alumin
ous cements are  heated t o  300 C, there  i s  an i n s i g n i f i c a n t  decrease i n  the 
cubic s t rength (3-9 percent) which f o r  the expanding cement i s  19 percent. 

The coeff ic ient  of prismatic s t rength  f o r  serpentine concrete f o r  a l l  of 
the u t i l i z e d  binders var ies  from 0.74 t o  0.78. When heated t o  2OO0C,the  co
e f f i c i e n t  of prismatic s t rength of concrete with Portland cement i s  reduced t o  
0.55, whereas t h a t  of concretes with other  binders increases  from 0.78 t o  0.8. 

The invest igat ion of serpentine concrete propert ies  a t  high tempera- /341
t u r e s  (up t o  800"~)were carr ied out by using samples with dimensions of 10  X 
1 0  X 1 0  em. I n  t h i s  s e r i e s  of experiments, concrete samples which had been 
subjected t o  normal hardening f o r  a period of 28 days were subjected t o  pre
liminary drying a t  a temperature of 100°C for a period of 32 hr .  

Heating a t  the assigned temperature w a s  carr ied on f o r  a period of 4-16h r  
with a temperature increase r a t e  of 150°C per hr .  The samples were tes ted  1 0  
days a f t e r  they were cooled together with the f'urnace. 

Experiments have shown ( tab le  3) t h a t  a f t e r  heating a t  a temperature of 
400°C the s t rength of the serpentine concrete a s  w e l l  a s  of concrete consisting 
of a mixture of  serpentine gravel with hematite sand and b l a s t  furnace dust  
do not decrease; a f t e r  heating a t  a temperature of 600'~ there  i s  an i n s i g n i f i 
cant decrease i n  the s t rength i n  the range from 8 t o  13  percent. The introduc
t i o n  of f i n e l y  ground chamotte i n  place of the serpentine addi t ive leads t o  a 
l a r g e r  decrease i n  s t rength (33 percent) .  After heating t o  8oo0c, the s t rength 
of serpentine and composite concretes decreases by 63-76 percent.  

The appl icat ion of water g lass  as a binder s u b s t a n t i a l l y  improves the 
s t rength parameters of serpentine concrete. Thus, f o r  example, the r e l a t i v e  
s t rength  of concrete with water g lass  a f t e r  heating a t  8 0 0 ' ~w a s  68 percent 

(135 kg/cm 2) of the s t rength of the dried control  samples. 

I n  addition t o  s t rength,  a f t e r  a 4-hr heating period a t  temperatures of 
400, 600 and 8oo0c, the water residue w a s  determined i n  samples of serpentine 
and composite concretes. For t h i s  purpose the samples which have been tes ted 
f o r  s t rength were broken up i n t o  small pieces and ground i n t o  a f i n e  powder. 
The water residue was determined from the weight loss  during calcinat ion.  
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TAEiLE 2. THE ULTIMATE VALUES OF CUBIC AND PRISMATIC STRFNGTHS OF SERPENTINE CONCRETE 

DURING COMPRESSION (kg/cm2) AT TEMPERATURES OF 100-3OO0C (THE CONCRETE COMPOSITION IS  
1:9).  

Water -cement Control samples : l0O0C 150"c 200' c 300' C 
Type of concrete ratio 

Cubes Prisms Cubes, Prisms Cubes Prisms Cubes Prisms Cubes Prisms 

Portland 0.8 

127 100 148I1 - - 126 89 123 89 - 82 178
0.9 100 100 9 9 3  7 - 1 1 7 - i J5 

- -89 104 -82 110 86
Aluminous 0.8 120 

100 100 -g7 92 92 97 
u 


I1w 0.9 

128- - 102 - 1-31 149 103Expanding 0.8 100 -85 1-02 m - -8i 

284 r 4Oxide-chloride 0.7 - - 241 - 204 
100 B 72 97 

240 183I I  I 1  0.9 	 - - 207 118 126 101 
100 100 -86 3 53 55 

Remark 1. The cont ro l  cubes are  samples which have been dr ied a t  t he  temperature of 100'C f o r  a 
period of 32 hr. 

Remark 2. The denominator contains the r e l a t i v e  s t rength  i n  percent,  compared wi th  the  s t rength  
of dr ied control  samples. 

0 



wl 

TABLE 3. THE ULTIMATE CUBIC STRENGTH OF SERPEXVTINE CONCRETE AFTER REA!TING AT TEMPERATURES 
OF 400-800'~ (MARK 500 PORTLAND CEMENT, MAPJUFACTURED BY TAE VOSKRESENSKIY PLANT). 

Consumption of materials l t imate  compression strength 

per 1m3, kg Volumetric-7-(kg/cm2) a f t e r  heating at 
F i l l e r s  Finely W weight i n  I scking following-( f ine + ground + A  metric i m e  i n  temperatures 
coarse) additive sec 

I 

a tons/m' :ontrol 400" C 500" c 900" C2 iamples 
u1 -


Serpen-
t i n e  + 

Serpe n tin� 600 347 243 2.2 65 -51J100 55/36 

serpen-
t ine  

Serpen- Chamot t e  560 800 305 2.2 25 ~62/100 39/24 
t i n e  + 
serpen-

P t i n e  

Hematite Serpentine 608 806 304 2.33 30 196/100 73/37 
+ ser
pentine 

Hematite Chamotte 621 886 300 2.4 25 '10/100 68/32 
+ ser
pentine 

Blas t  Chamot t e  548 778 301 2.2 60 182/10c 55/30 
furnace 
dust  + 
serpen
t i n e  

Remark 1. The control cubes consisted of samples dried a t  a temperature of 100°C f o r  a period of 32 hr .  
Remark 2. The denominator shows the r e l a t i v e  s t rength i n  percent of the strength of dried control 

samples . 
Remark 3. W/C + A, r a t i o  of water t o  t o t a l  amount of cement ( C )  + additive (A) .  
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We can see i n  f igure 2 tha t  the grea tes t  residue of chemically Sound water 
was contained i n  the serpentine concrete. After a 4-hrheating period a t  400°C 
the samples of serpentine concrete which had undergone preliminary drying re
tained almost a l l  of t h e i r  chemically bound water. Chamotte concrete, a f t e r  
heating a t  temperatures of 400 t o  6oo0c, contained 3.8 and 3 percent of water, 
respectively, and the  serpentine concrete contained 13.5 and 9 percent water i n  
terms of the concrete weight. 

Thermographic investigations with continuous weighing of the sample showed 
t h a t  during heating up t o  578'~ the serpentine sample loses  approximately 20 
percent of a l l  the chemically bound water (11.7 percent), i n  the temperature 
in te rva l  578-6820~it loses 4.4 percent and it loses  the remaining 5 percent 
(or about half of the t o t a l  water) a t  temperatures from 682 t o  8870~. 

This r e s u l t  rad ica l ly  d i f f e ren t i a t e s  serpentine from limonite. A s  
we can see from the comparative graph, prepared from the thermograms (f ig .  F3 
limonite has l o s t  more than 70 percent of a l l  the chemically bound water a t  a 
temperature of 300' C. 

Comparative data on the lo s s  of water by serpentine, limonite and hema
t i t e  were obtained by drying gravel t e s t  samples of the specified materials 
u n t i l  t h e i r  weight was constant. The s ize  of the gravel w a s  3-20 mm and i t s  
weight was 0.5 kg. Test samples of gravel a f t e r  thorough washing were first 

Temperature, 'C 

Figure 2. Variation i n  degree of dehydration fo r  Portland 
cement concretes with various f i l l e r s  as  function of heat
ing temperature: 1, Chamotte + chamotte, chamotte; 2, 
b l a s t  furnace dust + chamotte, chamotte; 3, hematite + 
serpentine, chamotte; 4, hematite + serpentine , serpen
tine; 5, b l a s t  f'urnace dust + serpentine; 6, b l a s t  furnace 
dust + serpentine, chamotte; 7, serpentine + serpentine, 
serpentine. 
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Temperature , C 

Figure 3. Loss of chemically bound water by limonite 
and serpentine a t  temperatures t o  9 0 0 ~ ~ .  

TABLE 4. LOSS OF WATER BY SOME OF TRE FILLERS DURING REATING. 

Dehydration, $ of concrete weight a t  the 

Type of f i l l e r  following temperatures 

loooc 200° c 300°C 

Hematite 0.43 0.4 0.7 
Serpentine 0.35 0.55 8 
Limonite 1.01 2.63 7.27 

dried a t  a temperature of 4O-5O0C and then dr ied a t  temperatures of 100, 200 
and 300°C u n t i l  t h e i r  weight was constant. 

The r e s u l t s  of the experiments are shown i n  t a b l e  4. 

The water loss  during calcinat ion was determined i n  t e s t  samples dried a t  
three specified temperatures. I n  the case of serpentine the water residue a f t e r  
heating a t  300°C was 10.5-10.9percent, and f o r  l imonite water residue w a s  
equal t o  5.63 percent or 46 percent of the en t i re  quant i ty  of water (12.3 per
cent ) .  Thus these experiments have shown t h a t  f o r  serpentine heated a t  300°C 
t o  a eonstant weight there  i s  p r a c t i c a l l y  no l o s s  i n  the chemically bound water. 

Reference 1 also  invest igated serpentine concrete with a composition of 
1:1.8:4. The concrete and the serpentine rock were heated f o r  a period l a s t i n g  
from several  t o  1,000 hours. Tests have shown ( f i g .  4) t h a t  the water of crys
t a l l i z a t i o n  was l ibera ted  very slowly when the samples were heated up t o  5 0 0 O C .  
The authors of reference 1 assume t h a t  serpentine can be u t i l i z e d  a t  l e a s t  up 
t o  a temperature of 480°C without los ing  the water of c r y s t a l l i z a t i o n .  



Soaking t i m e  a t  high t e m 
pera ture ,  h r  

Figure 4. Water residue i n  serpentine rock and 
serpentine concrete as func t ion  o f  hea t ing  time 
and temperature ( re f .  1): 0 , serpentine rock; 
X, concrete with serpentine f i l l e r .  

From an ana lys i s  of curves ( f i g .  5) the  authors of reference 1 conclude 
t h a t  a t  a temperature of 430°C t he  l o s s  of t he  water of c r y s t a l l i z a t i o n  during 
a period of 10  years w i l l  be only 5 percent of the  water content which remained 
i n  the mater ia l  a f t e r  the  f i r s t  10  h r  of heating. 

The temperature deformations of serpentine concrete were inves t iga ted  /343
for four cements: Portland, aluminous, expanding and magnesite. When concrete 
containing expanding and magnesite binders i s  heated t o  a temperature of 250°C, 
i t s  shrinkage i s  observed ( f i g .  5). The heating of concrete with magnesite 
cement t o  500°C l eads  t o  an expansion of up t o  0.2 percent,  but f u r t h e r  heating 
t o  720°C produces no changes. For concrete with expanding cement, expansion 
takes place a t  a temperature above 250°C and ceases a t  500°C; a t  650"c it i s  
replaced by shrinkage up t o  0.3 percent .  

Thus f o r  serpentine concrete which uses expanding and magnesite cements, 
expansion i s  c h a r a c t e r i s t i c  only i n  the  temperature i n t e r v a l  from 500 t o  650"~: 
a t  other temperatures (100-150and 650"~)shrinkage i s  c h a r a c t e r i s t i c .  

Serpentine concrete with Portland and aluminous cements, when heated t o  
500°C, has the same value of expansion (0.2 percent ) ;  a s  the temperature i s  
raised, concrete with aluminous cement continues t o  expand up t o  0.4 percent,  
while a t  a temperature above 680Oc the  dimensions of the  samples begins t o  de
crease.  Concrete with Portland cement cont rac ts  sharply when heated t o  tem
pera tures  g r e a t e r  than 6 8 0 " ~ .  The r e l a t i v e  l i n e a r  deformation due t o  shrinkage 
reaches 0.2 percent.  



It should be pointed out t h a t  compared with other  special  cements (con
taining metal l ic  scrap, hematite, da to l i t e ,  g ran i te )  serpentine cement has the 
smallest  coeff ic ient  of expansion and r e l a t ive  l i n e a r  deformation ( table  3). 
Experiments on the  inves t iga t ion  of high temperature e f f e c t s  on the shrinkage 
of serpentine concrete have shown t h a t  when a temperature increasfng from 200 
t o  600Oc i s  produced per iodical ly ,  the  shrinkage of concrete increases from 0.3 
to 0.78 percent. I n  t h i s  case, a f t e r  4 h r  of heating t o  300°C and cooling to
gether with the furnace, the  shrinkage was 0.32 percent.  

The heat conductivity of serpentine concrete a t  temperatures of 140, 200 
and 3 4 O o C  was 0.88, 0.84 and 0.66 kcal/m.hr.deg, respectively.  1344 

According t o  data  presented i n  reference 1, the  l i n e a r  shrinkage of ser
pentine concrete a f t e r  interrupted heating for a period of 1 hr a t  temperatures 
of 150 and 260Oc and slow cooling t o  room temperature i s  0.051-0.126 percent, 
and the 'volumetric shrinkage i s  0.164-0.290 percent. 

Coefficient of l i n e a r  expansion Coefficient -of r e l a t ive  l i n e a r  
a t  temperatures deformation ($) a t  temperatures 

~00-6000c/600-8000~ ! u p  to 300oc ~ o o - 6 0 0 ~ ~ ~600-800° c 
~~ 

Aluminous 2.9 4.1 3.8 0.05 0.2 0.25 
Expanding -2.4 -0.91 -1.3 -0.04 -0.03 -0.1 
Magne s i t e  -1.75 2.57 2.56 -0.02 0.12 1.28 

~... ~ 

Portland 4.14 4.1 1.3 0.07 0.19 0.074 



The Detroi t  Edison Company (ref. 2) has t e s t q d  serpentine concrete f o r  
expansion and shrinkage ( the standard consisted of s t a i n l e s s  s t e e l ) .  A t  a 
temperature of 100°C the coef f ic ien t  of expansion of concrete and of s t e e l  
turned out t o  be the same. However, a t  higher temperatures the coef f ic ien t  of 
expansion of concrete i s  unstable.  When the temperature i s  raised from 100 t o  
150°C, the concrete expands f a s t e r  than s t a i n l e s s  s t e e l ,  but i n  the tempera
ture i n t e r v a l  150-250"C concrete contracts  and then from 260 t o  340°C it again 
begins t o  expand. A t  a temperature above 34OoC, the  process of concrete com
pression takes place.  A secondary heating of the  concrete leads  only t o  i t s  
shrinkage. After two cycles of heating and cooling a t  d i f f e r e n t  temperatures 
there i s  a constant l i n e a r  shrinkage of concrete of the order of 0.05 percent. 

Invest igat ions have shown t h a t  concrete with serpentine f i l l e rs  may be 
used t o  construct shielding t o  be used a t  temperatures t o  500°C. 

-.\ 
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